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Abstract: The Olserum mineralisation is situated in the metasediments of the Västervik formation, which repre-
sents the southernmost continental margin of the Svecokarelian Domain. After deposition between 1.88 – 1.85 Ga 
these sediments were subsided to a depth of about 10 km and intruded by a series of granitoid melts. The resulting 
HT/LP metamorphism, with a peak at upper amphibolite facies, transformed the sediments to quartzites, quartzitic 
gneiss and gneiss. REE mineral-rich magnetite bands and veins occur in the mica-rich quartzite and have been in-
terpreted as former heavy mineral-rich alluvial beds that now form placer deposits.  
Infiltration of enriched hydrothermal fluids into the Västervik metasediments resulted in assimilation of primary 
sedimentary minerals, extensive metasomatic alteration and the subsequent reprecipitation of enriched material. At 
Olserum this process resulted in the formation of REE-bearing, magnetite-rich biotite veins, with monazite and 
xenotime constituting the main REE-bearing minerals. Subsequent magmatism-associated fluid events resulted in 
extensive metasomatic alteration, including the enrichment/depletion of REE in monazite/xenotime and the forma-
tion of secondary uranium minerals. Electron microprobe analysis suggests that efficient leaching and transport 
processes, as well as coupled/uncoupled substitution mechanisms, were integral in the alteration of monazite, xeno-
time and uraninite.  
Textural evidence and chemical analysis suggests a close relationship between REE-bearing minerals and U-Th-
minerals at Olserum. The close relationship was reflected in the electron microprobe analysis results in this study, 
with some monazite and xenotime showing significant U and/or Th concentrations and some U-minerals having 
substantial REE content. 
Based on electron microprobe dating of monazite and xenotime, metasomatic alteration at Olserum is interpreted to 
have been largely associated with intrusion of granites belonging to the 1.85-1.65 Ga Transscandinavian Igneous 
Belt (TIB), and in particular the 1.76-1.81 Ga Småland granites. However observations also indicate a later thermal 
event, interpreted as being possibly associated with the 1.46-1.42 Ga Hallandian orogeny. 
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Sammanfattning: REE-mineraliseringen i Olserum förekommer i metasediment som tillhör Västerviksformatio-
nen. Den bildades i den sydligaste delen av den Svekokarelska orogenen. Efter avsättningen av sedimenten 
för  1.88 -1.85 miljarder år sedan blev dessa nepressade till ett djup av ca 10 km. De intruderades av granitiska 
smältor. Detta resulterade i omvandlingar av sedimenten vid höga temperaturer och låga tryck. Den maximala me-
tamorfosgraden  nådde övre amfibolitfacies och ledde till att sedimenten omvandlades till kvartsiter, kvartsrika 
gnejser och gnejser av mer varierande sammansättning. I kvarts och glimmerrika metasediment förekommer lager 
rika på magnetit och REE-mineral. Dessa antas ha varit tungmineralanrikningar i de urprungliga sedimenten. 
Hydrotermala lösningar påverkade och assimilerade metasedimenten. Denna omfattande metasomatiska process 
ledde till att REE-rika lösningar transporterades och från dessa kristalliserade bl.a. magnetitrika biotitådror där mo-
nazit och xenotim är de dominerande REE-mineralen. Senare metasomatiska omvandlingar som drabbade bergar-
terna ledde till att REE omfördelades och U, Th och Nb mineral bildades. Analyser visar att komplexa substitutio-
ner skett i mineralen. Monazit och xenotim har ibland höga halter av U och de uranförande mineralen kan ha höga 
halter av REE. 
Metamorfos och metasomatism kan via dateringar kopplas till intrusioner av graniter i det så kallade Transkandina-
viska  Magmatiska Bältet (TIB) som bildades för 1.85-1.65 miljarder  år sedan. Speciellt i åldersintervallet 1.76-
1.81 miljarder år ser man korrelation mellan de metasomatiska processerna och granitintrusioner. Även en del yng-
re åldrar antyder att bergarterna i Olserum påverkats långt senare under den Hallandiska eller Danopoloniska oroge-
na händelsen. 
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1 Introduction  
The Olserum REE mineralisation is situated in Kalmar 
county in southeast Sweden about 10 km  NW of  the 
small township of Gamleby (Reed 2013) (Fig. 1). It 
was discovered during uranium exploration in the 
1950’s and was investigated for its rare earth content 
in the 1990’s (Reed 2013). After being acquired in 
2011, it is now being explored by Tasman Metals AB 
(Tasman Metals 2011). 
 The mineralisation is situated in the Västervik 
formation, which is an up to 5 km thick succession of 
psammitic to pelitic metasediments (Gavelin 1984) 
representing the southernmost continental margin of 
the Svecokarelian Domain (Kleinhanns et al. 2012). 
The sediments of the Västervik formation were deposi-
ted between 1.88 – 1.85 Ga (Beunk & Page 2001; Sul-
tan & Plink-Björklund, 2006;  Kleinhanns et al. 2012). 
After deposition these sediments were subsided to a 
depth of about 10 km and intruded by granitoid melts, 
resulting in a HT/LP overprint (Elbers 1971; Gavelin 
1984; Kleinhanns et al. 2012). Metamorphism trans-
formed the quartzose sediments to mica-rich quartzite, 
quartzitic gneiss and metapelites (Kleinhanns et al 
2012). REE mineral-rich magnetite bands and veins 
occur in the mica-rich quartzite and have been inter-
preted as former heavy mineral beds that now form 
placer deposits (Gavelin 1984). The main REE-bearing 
minerals at Olserum are monazite and xenotime. Apa-
tite occurs in abundance but is only a minor REE carri-
er (Tasman Metals 2011). Although apatite, monazite 
and xenotime also likely existed as primary minerals, 
their occurrence as abundant inclusions and patches 
has been interpreted to be related to metamorphism 
and associated metasomatism (Bachmann et al. 2013). 
 An in-depth petrographical study, undertaken 
by a team from Freiburg University (Bachmann et al. 
2013), has provided valuable insights into the nature of 
the mineralisation and the REE host minerals. Howe-
ver the exact relationship between REE and their host 
minerals, as well as the relationship between U –
bearing minerals and REE, is not as yet fully understo-
od (Bachmann et al. 2013). The latter is of utmost im-
portance with regards to environmental considerations 
concerning potential mining of the resource. 
 With these points in mind, this study has been 
undertaken to continue investigation of the petrology 
and mineral chemistry of the Olserum REE Prospect. 
The focus of the study is the REE- and U-bearing mi-
nerals, with emphasis on their mineral chemistry and 
the distribution of REE and U, as well as their textural 
relationships with each other and surrounding mine-
rals. This has been achieved by: 1. A detailed study of 
thin sections, taken from drillcores of the main minera-
lised area, using light microscopy and SEM techni-
ques; and 2. Chemical analyses of minerals using 
EDS-SEM and WDS-microprobe techniques. A secon-
dary  aim of the study has been to date the mineralisa-
tion events at Olserum by using microprobe techniques 
on zoned monazite and xenotime grains, carried out at 
the State Geological Institute of Dionýs Stúr in Brati-
slava. 
 
1.1 Regional Geology  
The Västervik metasediments crop out in an area ex-
tending about 50 km NW of Västervik and are inter-
preted to have a mixture of quartzose sedimentary and 
igneous provenance (Gavelin 1984; Kleinhanns et al. 
2012). U-Pb dating of zircon from metasediments gave 
mixed ages of c. 2.1 Ga, which is considered typical 
for Svecokarelian metasediments (Kleinhanns et al. 
2012). Sedimentation occurred in tide-dominated estu-
aries, river-dominated deltas and wave-dominated 
shallow water environments within a back-arc basin, 
which is interpreted to have formed in response to 
northward subduction underneath the Oskarshamn-
Jönköping Belt (Beunk & Page 2001; Sultan & Plink-
Björklund 2006).  
 Shortly after deposition these sediments were 
subsided to a depth of about 10 km, intruded by grani-
toid melts and underwent a HT/LP overprint, involv-
ing migmatisation and acidic volcanism (Elbers 1971; 
Gavelin 1984; Kleinhanns et al. 2012). Metamorphism 
peaked at upper amphibolite facies conditions and 
transformed the quartzose and igneous sediments to 
mica-rich quartzite, quartzitic gneiss and metapelites, 
respectively. Based on a UPb zircon study on metavol-
canic rocks in the area, peak metamorphism is esti-
mated to have occurred around 1825 Ma (Beunk & 
Page 2001). Large-scale Na-Ca metasomatism of the 
Västervik formation, resulting in the production of 
plagioclase-rich rocks, has been interpreted to be have 
accompanied this high-grade metamorphic/magmatic 
event. (Elbers 1971; Hoeve 1974; Kleinhanns et al. 
2012).  
 Several generations of granitoids, including the 
c. 1.85 Ga Askersund Suite and the 1.85-1.65 Ga 
Transscandinavian Igneous Belt (TIB), are interpreted 
to have intruded the metasediments of the Västervik 
formation as part of the late Svecokarelian orogeny 
(Gavelin 1984; Larson & Berglund 1992; Sultan & 
Plink-Björklund 2006). According to (Stephens & 
Wahlgren 2008) the TIB granites in this area are inter-
preted to have formed late in the Svecokarelian cycle 
at c. 1.83-1.79 Ga. They consist of the older, porphy-
ritic and schistose Lofthammar granites and the 
younger, schistose to massive Småland granites 
(Gavelin 1984). Intrusion of the younger granites re-
sulted in the production of migmatites (Hoeve 1974). 
The metasediments and older granites have also been 
intruded by several generations of basic rocks in the 
form of massifs and sills, composed of gabbro to oli-
vine-gabbro, as well as dikes and veins of dioritic 
composition (Elbers 1971; Hoeve 1974) (Fig. 2). The 
northern part of the Västervik metasediments, includ-
ing the Olserum area, can be described structurally as 
synclinal with gentle, open folds and a horizontal axis 
that trends generally NW-SE (Elbers 1971; Hoeve 
1974).  
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Fig. 1: Location map of Olserum study site, marked with red star. Modified from map produced by www.lantmäteriet.se. 
N 
  
 
 Acidic intrusive rocks (Småland granite) 
 Acidic intrusive rocks (Unspecified composition) 
 Ultrabasic, basic and intermediate intrusive rocks (Gabbro, diorite, diabase etc) 
 Metamorphosed quartz-feldspathic sedimentary rocks (Västervik metasediments) 
 Unspecified deformation zone 
  Ductile deformation zone 
Fig. 2: Bedrock map of Olserum area showing location of study site (marked with blue star). Modified from Swedish Geological 
Survey (SGU) bedrock map 1:250 000. Modified from map produced by www.sgu.se. 
N 
2.5 km 
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1.2 Deformation, metamorphism and  
metasomatism 
The Olserum area has been subjected to successive 
phases of deformation, ductile to brittle-ductile, as 
well as associated magmatic activity. Intrusion of 
granitoids during early extension resulted in peak 
metamorphic conditions at upper amphibolite facies 
conditions (Beunk & Page 2001). Subsequent crustal 
shortening deformed the metasediments into large-
scale isoclinal folds with ESE-WNW-striking, sub-
vertical axial planes (Elbers 1971; Hoeve 1974; Beunk 
& Page 2001). Further transpression occurred after 
cooling to high-greenschist facies, resulting in tighter 
folding and formation of a major dextral shear zone to 
the north, the Loftahammar-Linköping Deformation 
Zone (LLDZ) (Beunk & Page 2001). 40Ar/39Ar ages 
of hornblendes sampled near the LLDZ suggest that 
this cooling event occurred between 1805-1785 Ma 
(Beunk & Page 2001). Upon further cooling to low 
greenschist facies conditions overprinting by brittle-
ductile shear bands occurred, resulting in faulting and 
fracturing in the metasediments (Beunk & Page 2001). 
40Ar/39Ar ages of muscovite sampled from a pegma-
tite dyke in the Loftahammar granite suggest cooling 
below 350°c occurred around 1490 Ma (Beunk & Page 
2001). 
 Crystallisation of the potassium-rich Småland 
granites, associated with peak metamorphism, resulted 
in the release of hydrothermal fluids. Post-peak, brit-
tle-ductile deformation created the LLDZ, NW-SE-
trending faults and axial plane fold fractures, and of-
fered pathways for hydrothermal fluids resulting in 
extensive metasomatic alteration of the metasediments 
(eg. Uytenbogaardt 1960; Welin 1966; Elbers 1971; 
Hoeve 1974; Beunk & Page 2001). According to Ho-
eve (1974), migration of hydrothermal fluids upwards 
along such pathways, resulted in chemical leaching of 
wall-rocks and dissolution of potassium, iron, magne-
sium, calcium and trace elements such as Na, Sr, Nb, 
Ta, Th and U. This leaching of wall-rocks produced 
bi-mineralic quartz-plagioclase rocks, examples of 
which can be seen in a NW-SE trending contact zone 
between the Västervik metasediments and the 
Loftahammar augengneisses (Hoeve 1974).  
 Subsequent precipitation of the leached solu-
tions in the overlying metasediments resulted, for ex-
ample in the formation of biotite veins and abundant 
Fe-rich amphibole, as well as the formation of the 
uraninite deposits found in the area (Hoeve 1974). An 
interpretation of the metasediment mineralisations by 
Welin (1966), suggests that minerals of syngenetic 
placer deposits, such as Fe-Ti oxides and mona-
zite/xenotime that occurred in underlying metasedi-
ments, were assimilated by fluids and later deposited 
to form epigenetic mineralisations.  
 The interpretation of peak metamorphism hav-
ing occurred at upper amphibolite facies has been 
based on observation of the mineral assemblage: silli-
manite, orthoclase, oligoclase, biotite, quartz and cor-
dierite (Elbers 1971). Elbers (1971) labelled this as-
semblage “metamorphic paragenesis I” and reported 
that the occurrence of sillimanite and andalusite, and 
absence of garnet, suggested high T/low P regional 
metamorphism. Two other mineral assemblages ob-
served by Elbers (1971) in the metasediments and in-
terpreted as retrograde were: “Metamorphic paragene-
sis II”, representing lower amphibolite facies and con-
sisting of blue-green amphibole, oligoclase, epidote, 
biotite, titanite and quartz; and “Metamorphic par-
agenesis III”, representing greenschist facies and con-
sisting of biotite, chlorite, colourless mica, albite, 
microcline, quartz and epidote. Metasomatic altera-
tions observed by Elbers (1971) and interpreted to 
indicate retrograde metamorphism of the Västervik 
metasediments include: Sillimanite to muscovite, am-
phibole to chlorite, epidote to chlorite and biotite to 
chlorite.  
  
1.3 Local Geology 
The Olserum metasediment is situated on the north-
western margin of the Västervik formation and is sur-
rounded by Småland Granites (Gavelin 1984, Reed 
2013). According to Gavelin (1984), the main litholo-
gies of the metasediments in this area are bio-
tite/amphibole-rich quartzite, quartzitic gneiss and 
gneiss. The biotite/amphibole-rich quartzites contain 
0.1–7 m thick magnetite bands and veins, which are 
interpreted as former heavy mineral beds, the so-called 
“black sands”, that now form placer deposits (Gavelin 
1984).  
 The REE resource at Olserum occurs as a 600 
m x 100 m body, striking roughly E-W, with a total 
surface area of ca 30 000 m2. The northern contact 
between the metasediment body and the adjacent 
Småland granite dips steeply toward the north-
northeast, whereas the southern contact is more grad-
ual (Reed 2013). Drilling of the Olserum REE Pros-
pect has been undertaken by IGE Nordic AB (15 drill-
holes during 2004-2005) and Tasman Metals AB (5 
drillholes in 2012: OLR 12001- OLR 12005). These 
drilling programmes have resulted  in the identification 
of two sub-parallel zones of mineralisation about 
100m wide and 10-90 m thick (Tasman Metals 2011; 
Reed 2013). 
 The rocks to the north of the metasediment can 
be described as red coloured, medium grained, and 
generally massive to weakly foliated granitic gneiss, 
containing minor veins of biotite and magnetite (Fig. 
3). Bands of light red-pinkish-coloured, meter-thick 
biotite-rich gneiss, and occasional up to 10 cm wide 
clasts of quartz and feldspar showing signs of defor-
mation were also observed in this area. Rocks at the 
southern contact of the metasediments can be de-
scribed as light grey-coloured, weakly foliated, fine to 
medium-grained granitic gneiss (Reed 2013; Author’s 
field observations). Fine to coarse-grained quartz 
veins, between 1-30 cm wide, were observed to cross-
cut both the metasediments and the surrounding rocks.  
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 Field observations and taking of hand samples 
focused on the main mineralised outcrop, with a sur-
face area of approximately 70 m x 30 m. Field obser-
vations suggest that the metasediment can be described 
as a light grey-coloured, foliated, medium grained 
quartzite, containing 1-30 cm magnetite-rich biotite 
veins (Fig. 4 and 5). These veins show abundant inclu-
sions of < 1 mm - 2 cm anhedral-subhedral apatite 
crystals (Fig. 6), and up to 3 cm radiating greenish-
coloured amphibole crystals showing various degree 
of rust-coloured oxidation (Fig. 7), interpreted to sug-
gest a Fe-rich composition. The veins also contain 
subhedral to euhedral monazite/xenotime grains, rang-
ing in size from < 1 mm – 2 cm (Fig. 8).  
 The REE-mineralised rock types at Olserum, 
according to classification by Bachmann et al. (2013), 
are as follows:  
Metasediment (MSED) – a quartz-rich rock 
with variable amounts of plagioclase and bio-
tite, and accessory cordierite, sillimanite, chlo-
rite, magnetite and amphibole (Reed 2013). 
This is the main mineralised domain and con-
tains the BMR, BMRS and QZT sub-units. 
Biotite-Magnetite-REE bearing unit (BMR) – 
heavy mineral placer deposits. 
Amphibole-rich, Biotite-Magnetite-REE-
Skarny unit (BMRS) – heavy mineral placer 
deposits associated with highest grade REE 
mineralisation. 
Quartzite (QZT) – quartz-rich/plagioclase-poor 
unit associated with magnetite-rich layers. 
Granite (GRA) – Småland granite, as described 
above, that overlaps with the metasediment at 
the northern contact (Reed 2013). 
Gneiss (GNE) – Red-grey granitic gneiss con-
taining REE-rich magnetite layers that occurs 
in the metasediment close to the granite contact 
(Reed 2013). 
The major minerals found in the metasediments at 
Olserum are apatite, quartz, biotite, amphibole, mona-
zite and xenotime. Minor minerals are considered to be 
magnetite, cordierite and chlorite, with albite, ilmenite, 
ferrocolumbite, Ti-Fe-Nb oxides and U-Pb oxides in-
terpreted as accessory minerals (Bachmann et al. 
2013). 
 
1.3.1 REE mineralisations 
As a result of the metamorphic and hydrothermal over-
print at Olserum, the rare earth bearing phosphates 
have been widely distributed throughout the metasedi-
mentary package. This has resulted in a generally low 
grade but large tonnage mineralisation, with a high 
percentage of heavy rare earth elements (HREE) 
(Bachmann et al. 2013). However high grade REE 
mineralisation is associated with magnetite-rich layers, 
magnetite-rich veins and patches, and inclusions in 
biotite and amphiboles (Reed 2013).  
 The main REE-bearing minerals at Olserum are 
monazite and xenotime. Apatite occurs in abundance 
but is only a minor REE carrier (Tasman Metals 
2011). Although apatite, monazite and xenotime likely 
existed as primary minerals, their occurrence as abun-
dant inclusions and patches has been interpreted to 
suggest a metamorphic origin. Their formation can be 
described as an epigenetic crystallization promoted by 
metasomatic fluid percolation (Bachmann et al. 2013). 
Metasomatic alteration is generally interpreted as a 
coupled process of dissolution-precipitation, where 
micro-fracturing in the rock enables infiltration of flu-
ids, which in turn increases mass transfer of elements 
(Hetherington et al. 2010). The occurrence of such 
processes at Olserum has led to the REE-ores being 
described as hydrothermally overprinted REE-bearing 
metapelitic rocks (Bachmann et al. 2013).  
 Monazite and xenotime occur abundantly, 
either as fine-grained inclusions in apatite, biotite, cor-
dierite and minor amphibole,  as patches or lenses, or 
as up to 1cm-sized subhedral crystals (Bachmann et al. 
2013). Apatite is interpreted as a former major REE 
carrier that has subsequently been leached during me-
tamorphic events (Bachmann et al. 2013). Monazite 
and xenotime has subsequently re-formed as inclu-
sions in apatite through dissolution and re-
precipitation processes (Harlov 20012). These inclu-
sions occur mainly in the core of the apatites which 
suggest that the inclusions in the rims have at some 
stage been leached out and precipitated within the rock 
(Bachmann et al. 2013). 
 
1.3.2 Uraninite mineralisation 
The radioactive mineralisations in the Västervik meta-
sediments were first observed in the 1950’s as part of a 
regional exploration program (Reed 2013). Since then 
extensive exploration for uranium has been undertaken 
by the Geological Survey of Sweden (SGU). Although 
the most significant uranium mineralisations were ob-
served at Olserum (Gustafsson 1980), these have been 
interpreted as being of low economic importance 
(Reed 2013).  
 Uraninite mineralisation at Olserum is interpre-
ted to be the result of hydrothermal processes, invol-
ving Na-metasomatic leaching of country rocks and 
precipitation of leached material in metasediments 
(Elbers 1971, Hoeve 1974). A close association betwe-
en uraninite and Fe-Ti oxides, interpreted as of having 
syngenetic origin, has  been reported in several previo-
us studies (eg. Uytenbogaardt 1960, Hoeve 1974). 
 
 
2 Methods 
The study began with on-site field observations at Ol-
serum to gain background knowledge of the minerali-
sed metasediment and surrounding granite. Field studi-
es, including bedrock mapping and hand sample col-
lection, were aided by using a Thermo Scientific Niton 
XL3t XRF analyser, Silva Ranger CL compass and 
Garmin etrex 20 GPS. The central focus was on the 
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Fig 3. Red coloured, medium grained, and generally massive 
to weakly foliated granitic gneiss found to the north of the 
Olserum metasediments. Photo: W. Fullerton. 
Fig 4. Typical appearance of the metasediments at Olserum, 
described as a light grey-coloured, foliated, medium-grained 
quartzite. Note recrystallised quartz forming veins. Photo: 
W.Fullerton. 
Fig. 5: 10 cm-wide magnetite- and apatite-rich biotite vein 
interpreted to have resulted from the infiltration of enriched 
fluids along fractures in the metasediments. Photo: 
W.Fullerton. 
Fig. 6: Closeup of biotite vein showing abundance of fine to 
medium grained apatite. Photo: W.Fullerton. 
Fig. 7: Rust-coloured oxidation of radiating Fe-rich amphi-
bole in biotite veins. Photo: W.Fullerton. 
Fig. 8: Fine to coarse grained monazite in biotite matrix. 
Photo: W.Fullerton. 
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main mineralised outcrop at the Olserum site. 
 Drill core OLR12002, was then logged at the 
Tasman Metals facility at Gränna, Sweden, followed 
by collection of 10-15 cm quarter and halfcore samp-
les. Drill core samples of similar size were also taken 
from Tasman Metal’s Olserum drill cores OLR12001, 
OLR12003, OLR12004 and OLR12005, which are 
stored at the Geological Survey of Sweden’s drill core 
archive in Malå, Sweden (Fig. 9). Sample selection 
was based on: 1. Visual inspection of the drill core to 
identify apatite and monazite/xenotime grains; 2. Radi-
ation readings obtained using a Thermo Scientific Rad 
eye personal radiation detector – indicating U and Th-
bearing minerals; and 3. Total rare earth oxides 
(TREO) and heavy rare earth oxides (HREO) data 
from a whole rock geochemical assay carried out by 
ALS Chemex laboratory in Piteå, Sweden and suppli-
ed by Tasman Metals. 
 Drill core and hand samples were then tested at 
8 mm intervals for their element constituents with a 
Thermo Scientific Niton XL3t  XRF, following a simi-
lar method as outlined in Genna et al. (2011). Based 
on these XRF results, fourteen specimens for thin sec-
tions were then selected from the drill core samples 
and two from the hand samples (Table 1). Thin sec-
tions of samples have an approximate thickness of 30 
μm and were prepared at the University of Warsaw, 
Poland. Thin sections were labelled as follows: OLR 
1-1, 1-2, 1-3, 1-4 and 1-5 (Taken from OLR12001); 
OLR 2-1, 2-6 and 2-9 (Taken from OLR12002); OLR 
3-1, 3-2 and 3-3 (Taken from OLR12003); OLR 4-4 
and 4-5 (Taken from OLR12004); and OLR 5-3 
(Taken from OLR12005). Thin sections from hand 
samples were labelled as follows: OLR 0-1 and 0-2 
(Sampled from the western margin of the main mine-
ralised outcrop). All thin sections were then scanned at 
high resolution for macroscopic identification and na-
vigation purposes in subsequent microscopic studies. 
Detailed petrographic studies were carried out on the 
sixteen polished thin sections on a Nikon Eclipse 
E400POL petrographic microscope, with photomicro-
graphs of selected mineral associations and alterations 
taken using a Nikon C 0.45x TV lens, at the Depart-
ment of Bedrock Geology, Lund University, Sweden. 
 Based on the petrographical study, sites of inte-
rest on several  thin sections (OLR 0-1, OLR 1-3, OLR 
2-1, OLR 2-9, OLR 3-2, OLR 4-4 and OLR 5-3) were 
then chosen for further mineral identification and more 
detailed investigation on a EDS-SEM at Lund Univer-
sity. Sites of interest chosen included: 1. Monazite and 
xenotime with a variety of texture and form - from 
large, subhedral, highly fractured, broken down, rec-
rystallised grains to fine-grained, anhedral inclusions 
in apatite, amphibole and biotite; 2. Opaque inclusions 
and fractures in monazite, xenotime and apatite; 3. 
Opaque and monazite/xenotime inclusions in biotite 
and amphibole causing radiation haloes. 
 SEM studies were carried out on the Hitachi S-
3400N model and involved qualitive and quantitative 
analysis. The qualitative study was carried out using 
VPSEM setting and involved mineral location and 
identification in BSE mode at accelerating voltage 15 
keV and working distance 10 mm. The initial aim of 
the qualitative analysis was initially to accurately iden-
tify minerals by studying their chemical composition. 
The other main aim was to locate compositionally zo-
ned monazite and xenotime grains for later core/rim 
comparison under microprobe analysis. EDS spot ana-
lyses were carried out and minerals thus identified by 
their characteristic X-ray spectra. Reference images of 
various minerals, with a focus on monazite, xenotime, 
apatite and U-bearing minerals, were also taken at this 
stage. Thin sections were then carbon coated in order 
to carry out quantitative chemical analyses of mineral 
grains using SEM setting at accelerating voltage 15 
keV and working distance 10 mm. X-ray spectra were 
optimized for quantification using a cobalt stan-
dard.Based on these observations several locations on 
thin sections OLR 1-3, 2-1, 2-9, 3-2 and 4-4 were se-
lected for further study using electron microprobe 
techniques. 
 Electron microprobe analysis for further mine-
ral identification and chemical analysis of selected 
monazite, xenotime, apatite and U-bearing minerals, as 
well as chemical dating of minerals, was undertaken at 
the State Geological Institute of Dionýs Stúr in Brati-
slava. EDS- and WDS-microprobe techniques were 
used for qualitative identification and quantitative che-
mical analyses, respectively. Analyses were carried 
out by Dr. P. Konečný, using 15 keV and 180 nA, 60 
nA and 20 nA for monazite/xenotime, U-minerals and 
silicates, respectively. For a detailed description of the 
method used for microprobe analysis and chemical 
dating of samples refer to Majka et al. (2012) and 
Petrík & Konečný (2009), respectively. Chondrite nor-
malised REE diagrams have also been used to compa-
re core and rim areas, with all calculations based on 
chondrite REE values taken from McDonough & Sun 
(1995). 
Fig. 9: Quarter drillcore from OLR 12002 containing 
cm-sized sub – euhedral monazite crystals. Tasman 
Metals AB Core storage facility, Gränna, Sweden. 
Photo: W. Fullerton. 
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3 Results 
 
3.1 XRF Analysis 
The main purpose of the XRF analysis was to accurately 
locate areas containing high concentrations of elements 
associated with the REE-bearing minerals, monazite and 
xenotime ie. P, REE and Y (Table 2). Areas showing 
high P, but low REE, were also deemed of interest due 
to the possible occurrence of apatite, rich in monazite 
and xenotime inclusions. Another main focus of the 
analysis was to locate areas showing high U, indica-
ting the occurrence of U-bearing minerals and/or mo-
nazite and xenotime rich in U.  
Table 1: Thin sections from selected samples showing drillcore number, depth interval and surrounding rock type classification. 
Hand samples taken from boulders at western margin of main outcrop. (See Local Geology for explanation of rock type abbrevi-
ation). 
Table 2: XRF analysis of drillcore and hand samples used to locate sites with high P, Y, REE and U. All values in ppm. Note: 
Values are highest concentrations representing a sharp “peak” unless marked with *(OLR 12002-6: highest value given of two 
peaks; OLR 12002-9: highest value given, consistently high P; OLR 12004-4: highest value given of two peaks; 12004-5: one 
peak with high Y+REE and one peak with high P; OLR 12005-3: One peak with high REE; consistently high P.  
Sample P Y La Ce Nd U Notes 
OLR 0-1 429 372 15 172   5886 5685   Abundant ap and xen 
OLR 0-2 435 613 9164 6083       Abundant ap 
OLR 12001-1   25 357 64 248 139 687 60 242   Abundant mnz/xen 
OLR 12001-2   13 723 11 756 23 399     apatite, fine mnz/xen 
OLR 12001-3   25 680 26 598 56 700 24 727   fine mnz/xen 
OLR 12001-4 51 133 22 656 13 772 28 067       
OLR 12001-5 268 926 3 963 1200   2691   apatite vein 
OLR 12002-1     87 618 200 608 89 001   coarse mnz 
OLR 12002-6* 322 364   1652 3070 2397   coarse apatite 
OLR 12002-9* 242 680 8370         Abundant apatite 
OLR 12003-1 84 485   60 517 134 628 57 749   mnz/xen vein 
OLR 12003-2 40 099 10 096 12 610 26 054   3271 mnz/xen vein 
OLR 12003-3 129 992 105 951         xen vein 
OLR 12004-4* 67 204 19 873 37 522 81 414 33 796   coarse mnz 
OLR 12004-5* 155 950 48 619 29 253 61 607 26 874   fine mnz/xen 
OLR 12005-3* 332 897   33 205 71 867 30 748   mnz/xen vein 
Thin section Drillcore Depth Intervall (m) Rock Type 
OLR 0-1 N/A Hand sample BMSR 
OLR 0-2 N/A Hand sample BMSR 
OLR 1-1 12001 69.20 – 69.30 BMSR 
OLR 1-2 12001 78.96 – 79.01 BMSR 
OLR 1-3 12001 81.20 – 81.30 BMSR 
OLR 1-4 12001 84.75 – 84.83 MSED 
OLR 1-5 12001 117.33 – 117.41 MSED 
OLR 2-1 12002 95.63 – 95.73 QZT 
OLR 2-6 12002 107.30 – 107.40 GNE 
OLR 2-9 12002 163.96 – 164.09 BMSR 
OLR 3-1 12003 153.97 – 154.08 GNE 
OLR 3-2 12003 123.31 – 123.39 GNE 
OLR 3-3 12003 104.88 – 104.96 GRA 
OLR 4-4 12004 121.47 – 121.52 MSED 
OLR 4-5 12004 120.53 – 120.45 QZT 
OLR 5-3 12005 105.63 – 105.72 BMR 
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3.2 Petrographic study 
 
The following is a petrographic assessment of all thin sections made in this study, with descriptions accompanied 
by a scanned image for each thin section. All thin sections are of standard size, 28 x 48 mm with approximate 
thickness 30 μm. 
Fig. 10: Scanned image of thin section OLR 0-1. 
OLR 0-1: 
Brecciated fabric consisting of mm to cm sized, subhedral to anhedral, fractured apatite crystals in a fine to 
medium grained green amphibole groundmass. Medium grained, euhedral biotite with chaotic orientation 
occurs as a vein in the upper half of the thin section. 
Monazite/xenotime occur as abundant fine grained anhedral and rounded inclusions in apatite crystals. 
Monazite/xenotime also occur as coarse, subhedral-anhedral crystals, rich in xenotime/monazite and opaque 
inclusions. 
Fine to medium grained opaque minerals occur in fractures, around rims of large monazite grains, as inclu-
sions and scattered in the amphibole groundmass. Iron oxyhydroxides show as reddish veins in fractures. 
Apatite and larger monazite/xenotime crystals show degradation with severe fracturing, with fractures filled 
by fine grained biotite, quartz and opaque minerals. Fine reddish-brown iron oxyhydroxide veins also tran-
sect larger apatite crystals. 
Both apatite and monazite/xenotime also show a large degree of recrystallisation, with recrystallised areas 
having lower abundance of inclusions. 
Quartz occurs as fine grained, polygonal crystals suggesting recrystallisation. 
Both amphibole and biotite show varying degree of chloritisation, with fine to medium grained euhedral 
chlorite crystals occurring in some areas of the amphibole groundmass. Amphibole is generally rich with 
monazite/xenotime, biotite and opaque inclusions, the latter sometimes causing radiation haloes. 
Ap 
Mnz 
Amf 
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OLR 0-2: 
Brecciated fabric consisting mostly of fine to cm-sized, anhedral apatite crystals in a medium grained green 
amphibole and biotite groundmass.  
Coarse apatite crystals show large degree of fracturing and recrystallisation into smaller crystals – sugges-
ting degradation of original cm-sized apatites. Larger fractures are filled with fine grained biotite and opa-
ques, whereas fine fractures are filled with reddish-brown iron oxyhydroxides. Fine-grained monazi-
te/xenotime inclusions occur in varying amounts in apatites.  
Several medium to coarse grained, highly fractured, sub- to anhedral monazite/xenotime with abundant fine 
grained opaque inclusions occur in the biotite groundmass. 
Fine to coarse grained opaque minerals, some forming radiation haloes, occur as both inclusions and indivi-
dual anhedral crystals in the amphibole and biotite groundmass. Some opaque minerals show signs of disco-
louration/alteration. 
Both biotite and amphibole show light chloritisation.  
 
 
 
Fig 11: Scanned image of thin section OLR 0-2. 
Ap 
Mnz 
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Fig 12: Scanned image of thin section OLR 1-1 
 
OLR 1-1: 
Brecciated fabric consisting of abundant monazite/xenotime, apatite, quartz, amphibole and opaque minerals 
in a highly chloritised biotite groundmass.  
Monazite/xenotime occur as abundant, several mm-sized, sub- to anhedral, fractured crystals; fine to medi-
um-sized grains forming clumps and aggregates; as well as inclusions. 
Apatite occurs as mm-sized anhedral crystals, with variable abundance of fine grained  monazite/xenotime 
inclusions. 
Opaque minerals occur as fine to medium grained anhedral crystals in the biotite groundmass. The highly 
brecciated texture in the lower half suggests the breakdown of original large grains. 
Quartz occurs as fine to medium grained crystals forming mm-sized aggregates. 
Amphibole occurs as fine to medium grained, subhedral to anhedral crystals, often showing clear chloritisa-
tion. Amphibole in the lower RH corner is severely chloritised. Amphiboles also contain abundant fine grai-
ned monazite/xenotime and opaque inclusions, often forming radiation haloes. 
Fine to medium grained euhedral chlorite needles, associated with chloritised biotite and amphibole, occur 
abundantly.  
Biotite groundmass is severely chloritised and in the top left hand (LH) corner has been completely transfor-
med to chlorite.  
Bt 
Chl 
Amf 
Mnz 
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OLR 1-2: 
Brecciated fabric consisting of medium to coarse grained, inclusion-rich apatite; fine to coarse grained mo-
nazite/xenotime, fine to coarse grained opaques, clusters of fine to medium grained quartz/feldspar, and fine 
to medium grained biotite in a green amphibole groundmass. 
Apatite is inclusion rich (mostly fine grained monazite/xenotime), with inclusion-poor rims, and forms clus-
ters. Fractures between boundaries are mostly filled with fine grained biotite, opaques and quartz. 
Large, subhedral monazite crystals are fractured and show signs of breaking down and recrystallisation into 
fine to medium grains at rims; fractures are mostly filled with fine grained biotite and opaques. Large mona-
zite grains are also rich in fine grained xenotime inclusions and minor opaque inclusions. Abundant fine 
grained monazite/xenotime, sometimes forming  radiation haloes, occur in the amphibole groundmass. 
Scattered fine to medium grained opaques occur in the amphibole groundmass, sometimes forming clusters. 
Fine to medium grained euhedral biotite showing varying signs of chloritisation occurs abundantly in the 
groundmass. Biotite commonly contains fine grained monazite/xenotime inclusions sometimes forming ha-
loes. 
Green amphibole groundmass shows varying degree of chloritisation and contains abundant monazi-
te/xenotime and opaque inclusions, which form veinlets and aggregates and commonly cause radiation halo-
es.  
 
 
 
Fig. 13: Scanned image of thin section OLR 1-2. 
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Fig 14: Scanned image of thin section OLR 1-3 
 
OLR 1-3: 
A monazite/biotite/apatite/quartz/opaque mineral-rich, up to 1 cm-sized vein diagonally transects the upper 
half of the thin section. Groundmass consists of variably chloritised green amphibole. 
Monazite occurs as medium to coarse grained, fractured, subhedral to anhedral crystals, showing signs of 
breaking down and recrystallisation into fine grains. Fractures are filled with fine grained biotite and opa-
ques. Breakdown of monazite often results in a skeletal appearance. Coarse grained monazite is rich in fine-
grained xenotime inclusions. Fine-grained monazite/xenotime often forms aggregates. Abundant fine grai-
ned monazite/xenotime inclusions, commonly forming haloes, occur in biotite and amphibole. 
Fine to medium grained, euhedral biotite, occuring in the central vein and scattered throughout the ground-
mass, commonly contains monazite/xenotime and opaque inclusions.  
Fine to medium grained opaques occur in the monazite-rich vein but are also scattered throughout the 
groundmass. Fine grained opaque inclusions commonly form radiation haloes in amphibole. 
Coarse grained apatites are rich in monazite/xenotime inclusions, with rims being inclusion-poor. 
Minor occurrence of fine grained fluorite as inclusions in amphibole. 
Green amphibole groundmass shows varying degree of chloritisation, increasing in the lower half of the thin 
section, with occurrence of fine to medium grained euhedral chlorite. 
Mnz 
Amf 
Ap 
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OLR 1-4: 
Predominantly fine to coarse grained quartz and feldspar in a medium grained biotite groundmass, with 
abundant fine to medium grained apatite and monazite. 
Coarse grained quartz and feldspar with massive texture and fine grained quartz forming aggregates. 
Scattered medium to coarse grained monazite showing fracturing and recrystallisation; fractures filled with 
biotite and opaques; monazite grains mostly inclusion rich with fine grained xenotime. Fine-grained monazi-
te/xenotime often forms aggregates. 
Medium grained, anhedral apatite is rich with fine grained monazite/xenotime inclusions. 
Up to 1 mm veins of fine-grained chlorite needles and euhedral biotite “flow through” the biotite ground-
mass; also occurrence of up to 2 mm-sized aggregates of fine grained chlorite needles. 
Groundmass of medium grained, euhedral biotite with chaotic orientation. Biotite shows signs of chloritisa-
tion in the lower LH corner 
 
Fig 15: Scanned image of thin section OLR 1-4. 
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Fig 16: Scanned image of thin section OLR 1-5 
 
OLR 1-5: 
Thin section dominated by an apatite-rich quartz vein in a biotite groundmass showing abundant monazi-
te/xenotime-associated radiation haloes. 
Fine to coarse grained quartz occurs predominantly as a 1 cm-wide massive vein, with interstitial fine to 
medium grained biotite and chlorite, in the lower half of the thin section. 
Abundant fine to coarse grained apatite, rich in fine-grained monazite, xenotime and biotite inclusions,  in a 
biotite groundmass dominates the upper half of the thin section. 
Fine to medium grained chlorite needles form veinlets and aggregates. 
Fine-grained monazite/xenotime occur as inclusions in apatite and biotite, and as up to 1 mm-sized veinlets 
in apatite-rich areas – monazite/xenotime inclusions in biotite appear as trails and small aggregates, often 
causing haloes in the host mineral. 
Abundant fine-grained opaque inclusions in biotite also often form haloes. 
Groundmass consists of fine to medium grained, euhedral biotite with chaotic orientation. 
Qz 
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OLR 2-1: 
Thin section is dominated by a >1 cm-sized monazite in a biotite groundmass. 
Large monazite have suffered extensive fracturing and recrystallisation, forming fine-grained monazi-
te/xenotime. Large fractures are filled with biotite, opaques and quartz. Fine, meandering fractures, filled 
with biotite and opaques, suggest infiltration by fluids. Parts of these large monazite are also extremely inc-
lusion-rich (xenotime, biotite and opaques).  
Groundmass is generally medium grained, euhedral and chaotically orientated. Biotite on the far RH side 
shows a preferred orientation which defines the foliation. 
This far RH area contains an up to 0.5 cm wide band rich in fine to medium grained magnetite and fine grai-
ned anhedral monazite/xenotime aggregates; magnetite contains inclusions of fine to medium grained fluori-
te, rust-coloured, fine grained Fe-oxides and olive-green-coloured, fine to medium grained secondary altera-
tion products. Also observed is a vein of elongated, medium to coarse grained quartz and feldspar. 
The far LH side of the thin section consists of: fine to coarse grained aggregates of quartz; coarse, anhedral 
monazite/xenotime with a skeletal appearance; fine grained, anhedral monazite/xenotime forming aggrega-
tes; and fine to coarse grained, anhedral apatite, with varying concentrations of inclusions of monazi-
te/xenotime, biotite and opaques.  
 
 
 
Fig 17: Scanned image of thin section OLR 2-1. 
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Fig 18: Scanned image of thin section OLR 2-6 
 
OLR 2-6: 
Thin section is dominated by a 3 cm-wide vein consisting of quartz and apatite, in a severely chloritised bio-
tite groundmass. Apatite forming a central band in the vein is extremely rich in monazite/xenotime inclu-
sions.  
Quartz occurs as coarse, elongated grains and fine, recrystallised polygonal grains. 
Apatite occurs as fine to coarse grained, anhedral grains varying from poor to extremely inclusion-rich with 
fine grained monazite/xenotime. 
Interstitial biotite in the quartz/apatite vein is fine to medium grained, sub- to euhedral, with a preferred ori-
entation that defines the foliation. 
Severe chloritisation of the biotite groundmass has generally resulted in the formation of chlorite. 
Qz 
Ap 
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OLR 2-9: 
Thin section dominated by abundant fine to coarse grained apatite in a medium-grained green amphibole 
groundmass. 
Apatite occurs as medium to coarse grained, sub- to anhedral crystals, generally rich in fine grained monazi-
te/xenotime inclusions. 
Opaque minerals also occur abundantly as medium to coarse anhedral grains and fine grain inclusions in 
amphibole, often forming radiation haloes. 
Fine grained, anhedral monazite/xenotime occur abundantly as inclusions in amphibole, often surrounded by 
radiation haloes, as well as inclusions in apatite.  
Green amphibole groundmass shows varying chloritisation, with minor occurrence of fine grained chlorite 
needles. 
 
 
 
Fig 19: Scanned image of thin section OLR 2-9. 
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Fig 20: Scanned image of thin section OLR 3-1. 
 
OLR 3-1: 
Thin section dominated by a vein of fine to coarse grained, sub- to anhedral monazite in a biotite ground-
mass. Coarse monazite has fractures filled with biotite, quartz and opaques and is extremely rich in fine grai-
ned xenotime inclusions. Fine-grained monazite occurs as aggregates and also as inclusions in biotite, often 
causing radiation haloes in the host mineral. 
Abundant fine to medium grained quartz occurs as minor veins and aggregates, with interstitial biotite. 
Fine to coarse grained opaque minerals occur abundantly and often contain inclusions of biotite and quartz. 
Minor fine grained chlorite needles occur as veinlets and aggregates in the biotite groundmass. 
Biotite groundmass is composed of fine to medium grained, sub- to euhedral crystals, with distinct orienta-
tion defining the foliation. Orientation of biotite appears to follow the margins of monazite, opaques and 
quartz, suggesting a younger age. Biotite shows som e sign of chloritisation. 
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OLR 3-2: 
Thin section is dominated by a c. 2.5 cm structure composed of elongated, medium to coarse grained quartz 
with a rim of fine, recrystallised quartz, occurring in a groundmass of medium to coarse grained, chloritised 
biotite. Quartz also occurs as fine grained veins and fine to medium grained aggregates.  
Abundant fine to coarse grained monazite/xenotime, opaque minerals and apatite, form a large lens on the 
RHS of the thin section. 
Monazite/xenotime also occur as medium grained aggregates and fine to medium grained trails in the biotite 
groundmass, and are generally rich in fine grained inclusions. 
Fine grained muscovite occurs as a thin vein running parallel with the quartz structure. 
Biotite groundmass is generally chloritised and shows signs of deformation by shearing eg. sigmoidal grain 
shapes. Several veinlets of fine grained chloritised biotite, muscovite and monazite/xenotime “flow” around 
existing structures in the groundmass.  
 
 
 
Fig 21: Scanned image of thin section OLR 3-2. 
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Fig 22: Scanned image of thin section OLR 3-3. 
 
OLR 3-3: 
Thin section has a breccia texture dominated by abundant, fine to medium grained, sub- to anhedral monazi-
te/xenotime, forming clumps and aggregates, with biotite, chlorite, quartz and occasionally muscovite filling 
interstitial spaces. Medium grained monazite/xenotime is often highly fractured and recrystallised into fine 
grains, as well as being generally inclusion-rich.  
Fine to medium grained quartz occurs as patches with interstitial fine grained biotite and occasional musco-
vite. 
Abundant fine to medium grained opaque minerals occur, often with reddish-brown coloured iron oxide 
inclusions. 
Fine-grained, euhedral chlorite occurs in the walls of a fracture on the far RH side of the thin section. 
Groundmass is composed of fine to medium grained, sub- to anhedral biotite. 
Qz 
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OLR 4-4: 
Lower half of thin section dominated by coarse grained, sub- to anhedral monazite, rich with fine grained 
xenotime inclusions. Coarse monazite show fine to coarse fracturing and abundant recrystallisation around 
rims, and are interpreted as previous cm-sized grains that have been broken down. Large fractures are filled 
with quartz, albite, biotite and some chlorite. Fine fractures contain fine grained biotite and opaque minerals. 
Clumps of fine to medium grained, anhedral xenotime occur at the edges of coarse monazite and are inter-
preted as recrystallisation products. 
Large c. 1 cm-sized, fractured patches of medium to coarse grained apatite, rich in inclusions of fine grained 
monazite/xenotime and some biotite, occur in upper half of thin section. These patches are interpreted as 
being large apatite grains that have been fractured, affected by fluids and then recrystallised – fine to medi-
um grained, euhedral chlorite needles and opaques occur in one large fracture. Apatite grains have generally 
inclusion-poor rims. 
Abundant fine to coarse grained opaque minerals occur both scattered in the groundmass, as well as adjacent 
to mnz and apatite. 
Abundant euhedral to anhedral, fine to medium grained biotite, showing chloritisation, occurs abundantly. 
Minute chlorite needles often associated with fine-grained biotite. 
Minor occurrence of medium-grained cordierite in the lower LH corner. 
Groundmass composed of fine to coarse grained, generally chloritised, sub- to anhedral green amphibole, 
often rich in fine grained monazite/xenotime and opaque inclusions that often cause radiation haloes. 
 
 
 
Fig 23: Scanned image of thin section OLR 4-4. 
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Fig 24: Scanned image of thin section OLR 4-5 
 
OLR 4-5: 
Thin section composed of a c. 1 cm-wide band of fine to medium grained, sub- to anhedral monazi-
te/xenotime, rich with fine grained monazite/xenotime and opaque inclusions. The band has a brecciated 
texture and appears folded, suggesting deformation. Anhedral, mostly fine grained monazite/xenotime also 
forms <1 mm-sized patches. 
Fine to medium-grained quartz and feldspar occurs in mm-sized patches. 
Green amphibole occurs as fine to medium grained, sub- to euhedral, chaotically-orientated needles, but also 
with a radiating texture eg. lower RH corner. It contains fine grained monazite/xenotime and opaque inclu-
sions, and has generally suffered some chloritisation.   
Fine to medium grained, sub- to anhedral  biotite, with monazite/xenotime and opaque inclusions, forms the 
groundmass. 
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OLR 5-3: 
A diagonal, 0.5 cm-wide band of medium to coarse grained, fractured, sub- to anhedral monazite, rich in 
xenotime inclusions and showing some fine grained recrystallisation at rims, dominates the thin section. 
Fractures in monazite are mostly filled with biotite. The band is interpreted as a large monazite grain that 
has been fractured, broken up and partially recrystallised.  
A c. 1 cm-wide band consisting of medium grained, sub- to anhedral apatite with interstitial fine grained, 
subhedral biotite, scattered medium grained, anhedral monazite, and minor chlorite needles, occurs in the 
lower half of the thin section. Apatite is rich in fine grained monazite/xenotime and biotite inclusions and 
shows fine grained recrystallisation at rims. Monazite is largely recrystallised and has a skeletal appearance. 
Abundant fine grained quartz and feldspar, often containing biotite inclusions, occurs as thin bands. 
Abundant fine grained, euhedral chlorite needles occur as veinlets and patches. 
Fine to medium grained, sub-euhedral biotite, often containing fine grained monazite/xenotime and opaque 
inclusions, forms the groundmass. The preferred orientation of the biotite roughly defines the foliation. Bio-
tite in the upper RH corner has been completely transformed to chlorite and contains radiation haloes associ-
ated with monazite/xenotime and opaque inclusions. 
 
 
 
Fig 25: Scanned image of thin section OLR 5-3. 
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3.2.1 Major minerals 
The following is a brief summary of the major mine-
rals observed in the petrographical study. Abbrevia-
tions in figures: Biotite (Bt), amphibole (Amf), quartx 
(Qz), monazite (Mnz), xenotime (Xen), apatite (Ap), 
magnetite (Mt),  albite (Ab), chlorite (Chl), fluorite 
(Fl), UPb mineral (UPb). 
 
Biotite: Biotite is the predominant mineral in many 
thin sections, forming the groundmass, and appearing 
as medium to coarse grained, sub- to euhedral crystals. 
It generally shows pale brown to dark brown pleochro-
ism and has chaotic orientation (Fig. 17). However it 
also occurs in mm- to several cm-sized bands, with 
preferred orientation defining the foliation, fine-
grained aggregates, fine- to medium-grained fracture 
fill in apatite and monazite/xenotime, and as fine-
grained inclusions in apatite, monazite and xenotime. 
Biotite commonly contains abundant monazi-
te/xenotime inclusions, often forming radiation haloes 
in the host mineral. Varying degrees of chloritisation 
of biotite were observed, from light to severe. 
 
Amphibole: Amphibole was common in the thin sec-
tions and formed the groundmass in several thin sec-
tions. It occurs generally as fine to coarse grained, sub- 
to anhedral crystals, but also as fine to medium grai-
ned euhedral needles (Fig. 26), and often shows a radi-
ating texture. It appears greenish under plane polarized 
light (PPL) and shows variable first order colours un-
der crossed polarized light (XPL). Amphibole was 
often observed showing the effects of chloritisation, 
with typical bluish discolouration frequently observed 
under XPL. Amphiboles also contain abundant fine 
grained monazite/xenotime and opaque inclusions, 
often forming radiation haloes (Fig. 27-29). These 
inclusion-associated haloes are sometimes so abundant 
that they appear as “trails” (Fig. 30). See also 
SEM/Microprobe analysis. 
 
Apatite: Apatite is abundant in the thin sections and 
varies from mm to several cm-sized, sub- to anhedral 
crystals, sometimes forming large patches and aggre-
gates. Coarse apatites were often highly fractured and 
showed the effects of dissolution and recrystallisation, 
resulting sometimes in a skeletal appearance. Large 
fractures in apatite are mostly filled with biotite, 
amphibole and opaques, whereas fine fractures had a 
Fe oxyhydroxide infill. Apatite is generally very rich 
with fine-grained monazite and xenotime inclusions, 
but often also contains biotite and opaque inclusions. 
Monazite and xenotime inclusions are often crystallo-
graphically orientated (Fig. 31). These inclusions are 
however conspicuously absent from rim areas. See 
also SEM/Microprobe analysis for further analysis. 
 
Quartz: Quartz occurs in all thin sections, often in 
abundance, and appears as cm-sized bands, aggregates, 
clasts and as fracture fill. A several-cm sized, elonga-
ted, recrystallised Qz structure was observed in thin 
section. 
 
 OLR 3-2. Quartz is usually recrystallised and often 
shows the effects of deformation, such as grain boun-
dary migration and undulatory extinction (Fig. 32).  
 
Monazite: Monazite occurs as medium to coarse, up to 
cm-sized, anhedral to euhedral crystals and fine grai-
ned, anhedral to euhedral inclusions in apatite, biotite, 
amphibole, magnetite and xenotime. These inclusions 
in biotite and amphibole often cause radiation haloes. 
Medium to coarse monazite are also often rich in fine 
grained xenotime inclusions, as well as minor biotite 
and opaques. Large grains are usually highly fractured, 
with large fractures filled with quartz, biotite, albite 
and opaques (Fig. 33), and fine fractures filled with 
biotite and opaques. These grains often show the ef-
fects of dissolution and recrystallisation, with skeletal 
textures commonly observed (Fig. 34 and 35). Mona-
zite also commonly exhibited compositional zoning, 
such as the inter-growth type (Zhu & O’Nions 1999) 
seen in (Fig.  36). See also SEM/Microprobe analysis. 
 
Xenotime: Xenotime occurs in a similar fashion to that 
of monazite,  however in less abundance. A notable 
difference being the observation of clusters of fine 
grained, anhedral xenotime adjacent to rims of large, 
degraded monazites, suggesting xenotime as the pro-
duct of monazite dissolution (Fig. 37). See also 
SEM/Microprobe analysis. Like monazite, xenotime 
are often rich in inclusions such as opaques (Fig. 38). 
 
Chlorite: The observation of abundant chlorite as fine 
to medium grained euhedral needles, along with wide-
spread chloritisation of biotite and amphibole (Fig.  39 
and 40), is considered of importance to this study as it 
suggests greenschist facies conditions (Winter 2010). 
 
Flourite: Although an accessory mineral, the occurren-
ce of fluorite is also considered important as it indica-
tes that F is present in the system. Flourite was obser-
ved as fine grained inclusions in magnetite and as in-
terstitial fill. It appears violet under PPL (Fig. 41). 
Fig 26: OLR 4-5. Chloritisation of amphibole needles, XPL 
10x. 
33 
Fig. 27: OLR 4-4A. Minute monazite/xenotime inclusions 
(circled) surrounded by alteration areas in the amphibole 
host. Note inclusion-rich apatite (grey). XPL 5x. 
Fig. 28: OLR 2-9A. Fine grained xenotime and opaque (UPb 
mineral) inclusions (circled) causing radiation haloes in 
amphibole host. Note inclusion-rich apatite. XPL 5x. 
Fig. 29: OLR 1-3T. Amphibole extremely rich in halo-
associated monazite/xenotime inclusions. Note also inclu-
sion–rich apatite. XPL 5x. 
Fig. 30: OLR 1-3B. Abundant fine grained, halo-forming 
monazite/xenotime and opaque inclusions forming trails in 
amphibole. XPL 5x. 
Fig 31: OLR 4-4R. Aligned mnz inclusions in apatite XPL 
50x – Crystallographically orientated mnz inclusions indica-
te that inclusions formed from the “parent” apatite through 
dissolution/reprecipitation processes. 
Fig. 32: OLR 3-2L. Recrystallisation of large quartz grain – 
sutured grain boundaries indicate grain boundary migration 
in the quartz aggregates. Quartz also shows undulose extinc-
tion. Vein is filled with muscovite. XPL 5x  
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Fig. 33: OLR 4-4. Fractures in large monazite filled with 
quartz and albite. Note recrystallisation of xenotime. XPL 
5x.  
Fig. 34: OLR 3-2I. Highly fractured and inclusion-rich mo-
nazite showing effects of dissolution, surrounded by chloriti-
sed biotite. XPL 5x.    
Fig. 35: OLR 2-1F. Skeletal texture of monazite interpreted 
to have undergone dissolution. Note  apatite around the mo-
nazite in the bottom LH corner, interpreted as a product of 
the retrograde breakdown of monazite. XPL 5x. 
Fig. 36: OLR 2-1N. Intergrowth-like compositional zoning 
in monazite rich in biotite inclusions. XPL 5x. 
Fig. 37: OLR 4-4C. Fine grained xenotime forming at rims 
of large monazite crystal. Xenotime is interpreted to be a 
possible recrystallisation product resulting from monazite 
dissolution and transport of LREE in solution. XPL 5x. 
Fig. 38: OLR 3-2D. Xenotime grain located in chloritised 
biotite and rich in opaque and biotite inclusions. XPL 5x. 
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Fig.39: OLR 5-3J. Chlorite forming from the chloritisation 
of biotite. Also shown are fine grained inclusion-rich apatite. 
XPL 5x. 
Fig.40: OLR 1-1. Chlorite resulting from chloritisation of 
amphibole needles. Chloritised biotite shown in background. 
XPL 10x. 
Fig. 41: OLR 2-1L. Fluorite in chloritised biotite. Most F in 
the infiltrating hydrothermal fluids is expected to have been 
taken up by fluorapatite and biotite, therefore the presence of 
fluorite is interpreted to indicate that fluids were F-rich. PPL 
10x. 
3.3 SEM/Electron microprobe Analysis 
Results from the SEM and electron microprobe analy-
sis are presented here with focus on the REE-bearing 
minerals and U-bearing minerals. In all observations 
LREE are interpreted as the elements Lanthanum to 
Gadolinium, and HREE as Terbium to Lutetium. 
Although Yttrium is often categorised as a HREE (eg. 
Spear & Pyle 2002), it is handled separately in the 
following analysis. Unless otherwise specified all refe-
rence to light and dark areas refers to BSE imagery. 
Chondrite reference values used for chondrite normali-
sed REE diagrams were taken from McDonough & 
Sun 1995. Location of analysis points are marked as x 
on all figures eg. x4 shows location of analysis point 
an4.  
 
3.3.1 REE-bearing minerals 
 
3.3.1.1 Monazite  
Monazite has the general formula (LREE)PO4, sho-
wing preferential selection of LREE over HREE in the 
crystal structure and with LREE represented primarily 
by La, Ce and Nd (Spear & Pyle 2002). However most 
monazites also contain Th, U, Ca, Si, HREE, Y and Pb 
in varying concentrations (Spear & Pyle 2002). Mona-
zite-Ce would offer the best description for this mine-
ral in the samples, with the microprobe analysis sho-
wing an average Ce content of 23.1 wt%. As expected, 
other LREE found in large concentrations were Nd, 
La, Pr, Sm and Gd, showing averages of 12.3, 9.4, 3.0, 
2.6 and 1.7 wt%, respectively. The remaining LREE 
and all HREE were found in concentrations <1 wt% 
(Table 5). Due to the preferential selection of Y in the 
xenotime crystal structure Y content in monazite was 
observed to be generally low, however was still inter-
preted as significant with an average of 1.3 wt%.  
However, monazite in the samples showed greatly 
varying chemical compositions and were often obser-
ved to be clearly compositionally zoned, with signifi-
cant depletion/enrichment of LREE, Y, Th, U, Ca, Si 
and P  between zones. The extent of this compositio-
nal variation is shown, for example, by the variation in 
total REE content of the monazite samples, with an 
average of 53.6 wt%, and minimum and maximum of 
33.7 wt% and 59.5 wt%, respectively. Monazite samp-
les generally contained low Th and U contents, <5 
wt% and <0.5 wt%, respectively. However this was 
also subject to variation, with selected samples having 
significant concentrations of both of these elements. 
For example, Th-rich cores with Th content of up to 
23.2 wt%, showing as lighter zones in BSE images, 
were observed in several locations eg. OLR 4-4B. Mo-
nazite was often closely associated with UPb minerals 
and in several locations this was reflected by raised U 
content, which was observed at up to 1.5 wt% eg. 
OLR 2-9 C2 (Table 5). 
The microprobe analysis (an) results from selected 
locations are briefly discussed below.   
OLR 4-4B: The monazite at OLR 4-4B is composi-
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tional zoned with a sharply defined lighter core area 
and darker surrounding area. Microprobe analysis 
shows large variations in oxide wt% between the core 
(an12) and surrounding area (an15): P2O5 – an12 
(28.8%), an15 (30.0%); PbO – an12 (2.1%), an15 
(1.1%); ThO2 – an12 (24.6%); an15 (13.0%); Y2O3 – 
an12 (1.6%), an15 (3.7%); LREO – an12 (35.6%), 
an15 (47.2%); CaO – an12 (5.0%), an15 (3.1%). The 
observed variations in chemical composition suggest 
that monazite is compositionally zoned into a (Th+Ca)
-richer core area (an12) and a (Y+REE)-richer sur-
rounding area (an15) (Table 6; Fig. 42a,b; Fig. 44c). 
 
OLR 2-1K: The disseminated fine-grained mnz 
grain located at OLR 2-1K occurs in a chloritised bio-
tite groundmass with the conspicuous presence of fluo-
rite (Fig. 42c). The monazite is compositionally zoned 
with a light core and darker surrounding area (Fig. 
42d). Textural evidence such as embayment of mar-
gins suggests dissolution of this grain has occurred 
(Zhu & O’Nions 1999). 
Microprobe analysis results (Table 6), show signi-
ficant oxide wt% variation between light core (an25) 
and darker rim area (an26): ThO2 – an25 (14.0%), 
an26 (8.0%); Y2O3 – an25 (1.6%), an26 (3.1%); 
LREO – an25 (50.1%), an26 (52.8%); CaO – an25 
(2.6%), an26 (2.0%). This suggests the monazite is 
composed of a Th-rich core and an outer area enriched 
in Y+LREE.  
The chondrite normalised REE diagram for the 
monazite at OLR 2-1K (Fig. 43a), shows typical distri-
bution patterns for monazite with depletion of HREE 
and a large negative anomaly for Eu (Zhu and O’Nions 
1999). Anomalies of Ho and Er are due to the analysis 
results reaching the detection limits for these elements 
and should be disregarded (pers. com. Konečný 2014) 
(Table 7). Curves for the two analysed areas (core/rim) 
show very similar REE distribution patterns.  
 
OLR 4-4G: Microprobe analysis results show a 
significantly high Th content in the lighter central area 
of the monazite at OLR 4-4G (Fig. 42e,f; Table 6). 
Microprobe analysis generally showed large variations 
in oxide wt% between the Th-rich zone (an8) and ou-
ter area (an7): P2O5 – an8 (28.6%), an7 (30.0%); PbO 
– an8 (1.8%), an7 (0.3%); ThO2 – an8 (26.4%), an7 
(2.6%); LREO – an8 (43.3%), an7 (60.0%); Nd2O3 – 
an8 (9.1%), an7 (11.2%); CaO – an8 (2.5%), an7 
(0.7%) (Table 6; figure 44a,c). Note: Absolute wt% 
values for an8 are speculative due to a high total 
(110%), however data still considered informative as a 
qualitative comparison between analysis points. Distri-
bution patterns shown in the chondrite normalised 
REE diagram for the Th-rich zone show significant 
variations in the larger LREE and Tm, compared to the 
other areas of the monazite (Fig. 43b).  
 
OLR 4-4R: Compositional zoning of the monazite 
at OLR 4-4R is represented by a lighter core area sur-
rounded by a darker “rim”. The microprobe analysis 
shows variation in oxide wt% between the core (an30) 
and rim area (an31), as well as high Nd/La ratios: 
P2O5 – an30 (29.3%), an31 (29.9%); ThO2 – an30 
(0.0%), an31 (0.8%); UO2 – an30 (0.0%), an31 
(1.1%); Y2O3 – an30 (0.4%), an31 (3.4%); La2O3 – 
an30 (7.4%), an31 (10.2%); Nd2O3 – an30 (21.7%), 
an31 (15.2%); Sm2O3 – an30 (6.3%), an31 (3.4%) 
(Table 6). These results suggest an outer area enriched 
in Y and U, with variable LREE enrichment (Fig. 
44d). 
The chondrite normalised REE diagram for this 
monazite shows significant variation in distribution 
pattern of LREE between the two analysed areas, as 
well as significant enrichment of HREE in the rim area 
(Fig. 43c).  
 
OLR 2-9C2: The microprobe analysis for the mo-
nazite inclusion in apatite at OLR 2-9 C2 shows high 
wt% UO2 (1.7%) (Table 6), which most likely reflects 
the observed close association with a UPb mineral 
(Fig. 42h).  
 
OLR 4-4J2: The BSE image of the monazite at 
OLR 4-4J2 shows lighter areas intermingled with dar-
ker areas, with a clear association between fractures 
and the lighter altered areas (Fig. 42i,j). The micropro-
be analysis shows significant variation in Y and LREE 
between darker areas (an10) and lighter altered zone 
(an11): Y2O3 – an10 (2.5%), an11 (0.8%); LREO – 
an10 (64.8%), an11 (67.3%). The chondrite normali-
sed REE diagram shows very similar distribution pat-
terns between the darker and lighter areas (Fig. 43d). 
 
OLR 3-2I: Light and dark areas shown in the BSE 
image of the monazite at OLR 3-2I (Fig. 42k), sug-
gests the patchy zoning pattern reported by Zhu & 
O’Nions (1999). The microprobe analysis for this mo-
nazite (Table 4), shows higher Th and Si and lower 
REE in the lighter altered area (an17), compared to the 
darker area (an18): ThO2 – an 17 (3.6%), an18 
(0.7%); SiO2 – an17 (0.8%), an18 (0.3%); LREO – 
an17 (63.9%), an18 (65.5%). Important to note is also 
the presence of fine-grained REE-bearing ThUSi and 
galena inclusions in this altered area. The chondrite 
normalised REE diagram for the monazite at OLR 3-2I 
shows similar distribution patterns between the dark 
and lighter fluid-altered areas, except for a more exag-
gerated negative anomaly for Ho in the lighter area 
(Fig. 43e). 
 
OLR 3-2H: The xenotime inclusion-rich, large 
monazite at OLR 3-2H shows patchy compositional 
zoning with light and dark areas observed in the BSE 
image, which is discordant to an outer area that is con-
centrically zoned (Fig. 42l). The microprobe analysis 
for the monazite shows significant oxide wt% varia-
tions between the darker (an15) and lighter areas 
(an14) in the patchy zoned areas, and concentrically-
zoned outer area (an16): Th2O – an15 (0.3%), an14 
(6.0%), an16 (1.5%); SiO2 – an15 (0.2%), an14 
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(1.3%), an16 (0.2%); LREO – an15 (64.8%), an14 
(60.9%), an16 (64.0%); P2O5 – an15 (30.1%), an14 
(28.4%), an16 (29.8%). 
The chondrite normalised REE diagram for the 
monazite at OLR 3-2H shows similar distribution pat-
terns for the dark core area (an15), surrounding lighter 
area (an14) and the concentrically-zoned outer area 
(an16) (Fig. 43f).  
 
OLR 2-1J2: The highly fractured monazite at OLR 
2-1J2 shows clear signs of degradation, with embayed 
margins and inclusions suggesting dissolution (Fig. 
42m). The microprobe analysis shows oxide wt% vari-
ations between the darker core (an23) and lighter rim 
(an24): ThO2 – an23 (0.6%), an24 (3.0%); LREO – 
an23 (67.0%), an24 (63.8%); CaO – an23 (0.1%), 
an24 (0.6%) (Table 6). These results suggest a high 
LREE core surrounded by a zone with higher Th+Ca, 
which is shown by the compositional zonation seen in 
the BSE image. The chondrite normalised REE dia-
gram for this monazite shows some variation in distri-
bution patterns between the core and rim areas, especi-
ally regarding HREE (Fig. 43g). 
 
OLR 4-4M: The large monazite inclusion in apatite 
observed at OLR 4-4M shows lighter areas of altera-
tion suggested to have been caused by the infiltration 
of fluids (Fig. 42n). The monazite shows extensive 
fracturing, with fracture fill consisting of xenotime, 
quartz and magnetite/hematite. Quartz/magnetite/
hematite-filled fractures crosscut earlier xenotime-
filled fractures. Recrystallisation of the large monazite 
grain is suggested by the occurrence of xenotime as 
interstitial fill. 
The microprobe analysis of the monazite showed 
variations in oxide wt% between darker areas (an22, 
an23) and lighter areas (an24, an25): Y2O3 – an22 
(2.9%), an23 (2.3%), an24 (1.2%), an25 (0.8%); 
LREO - an22 (62.3%), an23 (62.7%), an24 (64.0%), 
an25 (64.0%); HREO – an22 (1.9%), an23 (1.7%), 
an24 (1.3%), an25 (1.2%), suggesting the lighter, fluid
-altered areas are LREE-richer than the original mona-
zite. The chondrite normalised REE diagram for the 
monazite at OLR 4-4M shows roughly similar distri-
bution patterns between the dark and light areas, ho-
wever a larger negative anomaly for Ho in the lighter1 
area (an24) was observed (Fig. 43h). 
 
OLR 1-3C2: The monazite observed at OLR 1-3C2 
shows compositional zoning with a darker, “patchy-
zoned” core, surrounded by a lighter, concentrically-
zoned outer area (Fig. 42o). The microprobe analysis 
shows oxide wt% variation between darker core area 
(an14) and lighter rim area(an15) of the same grain, as 
well as an adjacent grain (an16): UO2 – an14 (0.1%), 
an15 (0.5%), an16 (0.4%); Y2O3 – an14 (0.5%), an15 
(1.1%), an16 (3.2%); LREO – an14 (68.0%), an15 
(66.7%), an16 (63.3%). These results suggest a LREE-
rich core area surrounded by a Y- and U-richer outer 
area. The chondrite normalised REE diagram shows 
roughly similar distribution patterns, however the adja-
cent monazite (an16) shows higher HREE content 
(Fig. 43i). 
 
OLR 3-2A: The monazite at OLR 3-2A is located 
in a chloritised biotite groundmass, partially surroun-
ded by a Fe-silicate (FeSi) secondary alteration pro-
duct, and shows clear compositional zoning (Fig. 42p). 
Abundant recrystallised quartz and fine grained Nb-Ti-
U-rich Fe-silicates also occur. The microprobe analy-
sis shows high wt% UO2 (1.4%), ThO2 (9.8%) and 
PbO (1.0%) (Table 6); Fig. 44d.  
 
 
 
Fig.42: BSE images of monazite observed in SEM/
Microprobe study. a-b: OLR 4-4B. Sharply defined zonation 
in monazite with a light-coloured high-Th core. Large varia-
tions in chemical composition, observed between (Th+Ca)-
richer light-coloured core area (an12) and (Y+REE)-richer 
darker area (an15), interpreted as resulting from brabantite 
substitution. 
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Fig. 42 contd.: BSE images of monazite observed in SEM/Microprobe study. c: OLR 2-1K_f10: Overview of fine-grained dis-
seminated mnz and xen in Mg-rich chloritised biotite. Note mnz inclusions in xen and ilmenite needle. d: OLR 2-1K_f11. Zoned 
fine-grained mnz located in chloritised biotite vein, showing Th-rich core.  e: OLR 4-4G_f9: Overview of mnz inclusions in xen. 
f: OLR 4-4G_f10, showing monazite inclusion in xenotime. Note zonation between with Th,Ca-rich core. g: OLR 4-4R_f26: 
Fine-grained mnz inclusion in large broken down apatite grain. h: OLR 2-9C2_f5. UPb mineral-associated monazite inclusion in 
apatite.  
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Fig. 42 contd: i: OLR 4-4J2_f14, showing patchy and concentric zoning in monazite. j: OLR 4-4J2_f15. Closeup of patchy zo-
ning in monazite.  UPb mineral inclusions (white) were observed in lighter altered areas, which often occurred around fractures. 
Lines of minute biotite inclusions are interpreted as representing earlier monazite grain boundaries. k: OLR 3-2I_f11. Inclusion-
rich monazite showing patchy zoning and inclusions of REE-bearing ThUSi mineral. Note galena and ThUSi mineral inclusion 
in xenotime (middle right of image). l: OLR 3-2H_f10.  Xenotime inclusion-rich monazite showing patchy and concentric zo-
ning. Note UPb mineral inclusion in lighter altered area. m: OLR 2-1J2_f9. Highly fractured monazite grain showing concentric 
zoningwith an obtained age of 1960 ± 80.3 Ma suggesting a possible detrital origin. n: OLR 4-4M_f22. Large monazite inclu-
sion in apatite showing alteration caused by the infiltration of fluids, shown as lighter areas. Ages obtained for these areas are 
comparable to the c. 1452 Götemar granites.  
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Fig. 42 contd.: o: OLR 1-3C2_f11 Pb-rich thorite inclusion in compositionally-zoned monazite.  p: OLR 3-2A Monazite with 
compositional zoning and containing Th-rich galena inclusion, showing significant U and Th content. The grain is partially sur-
rounded by a Fe-rich silicate secondary mineral, with abundant recrystallised quartz occurring. 
Fig 43a: Chondrite normalised REE diagram for core and rim areas of monazite at OLR 2-1K, showing similar REE distribution 
patterns for the core and rim areas. The unusual anomalies observed for HREE are considered to be due to the extremely low 
analysis values reaching the respective detection limits (pers. com. Konečný 2014) (Table 5). 
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Fig. 43b: Chondrite normalised REE diagram for monazite at OLR 4-4G, showing significant differences in both LREE and 
HREE distribution patterns between the Th-rich area and surrounding areas. 
Fig. 43c: Chondrite normalised REE diagram for the monazite at OLR 4-4R showing significant variation in distribution pat-
terns between the core and rim areas.  
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Fig. 43d: Chondrite normalised REE diagram for the monazite at OLR 4-4J2 showing similar distribution patterns between the 
dark and light areas, suggesting a common source for the fluids involved. 
Fig. 43e: Chondrite normalised REE diagram for the monazite at OLR 3-2I showing similar distribution patterns between the 
dark and light areas, suggesting a common source for the fluids involved.  
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Fig. 43f: Chondrite normalised REE diagram for the monazite at OLR 3-2H, showing similar distribution patterns for the dark 
core area (an15), surrounding lighter area (an14) and the concentrically zoned outer area, suggesting a common source for the 
fluids involved. 
Fig. 43g: Chondrite normalised REE diagram for the monazite at OLR 2-1J2 showing variation in distribution patterns between 
the core and rim, interpreted as suggesting different sources for the core and rim.  
Monazite - OLR 3-2H_f10 
44 
Fig. 43h: Chondrite normalised REE diagram for the monazite at OLR 4-4M showing similar distribution patterns between the 
dark and light areas, and therefore not providing any further evidence to support an interpretation of the involved fluids having 
different sources.  
Fig. 43i: Chondrite normalised REE diagram for the observed monazite grains at OLR 1-3C2 showing significant difference in 
HREE distribution patterns. 
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Fig. 44a: Variation in LREE concentrations between core and rim of selected monazite in the Olserum samples. Note significant 
enrichment in the rim areas of 4-4G_f10, 4-4B_f16 and 4-4B_f16b, and depletion in the rim of 4-4R_f26. 
Fig. 44b: Variation in HREE concentrations between core and rim of selected monazite in the Olserum samples.  
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Fig. 44c: Variation in Th concentrations between core and rim of selected monazite in the Olserum samples. Note significant 
depletion in the rim areas of 4-4G_f10, 4-4B_f16 and 4-4B_f16b. 
Fig. 44d: Variation in U concentrations between core and rim of selected monazite in the Olserum samples. Note significant 
enrichment in the rim areas of 3-2A_f1 and 4-4R_f26, and depletion in the rim area of 4-4G_f10 and 4-4R_f23. 
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 3C show zonation, with darker inclusion-rich cores 
and lighter homogenous rims (Fig. 45b). Compositio-
nal variation between the darker core (an12) and ligh-
ter homogenous areas (an13) is indicated by the micro-
probe analysis: P2O5 – an12 (33.9%), an13 (35.2%); 
Y2O3 – an12 (41.4%), an13 (40.6%); HREO – an12 
(16.2%), an13 (17.3%); SiO2 – an12 (1.2%), an13 
(0.4%) (Table 9).  
 
OLR 1-3F2: Xenotime inclusion in amphibole shows 
clear compositional zoning with both “spongy”, inclu-
sion-rich cores (an18) and lighter, homogenous cores 
(an19), and light, concentrically-zoned rim areas 
(an20) (Fig. 45c). The microprobe analysis shows vari-
ations in oxide wt%: Y2O3 – an18 (42.1%), an19 
(41.1%), an20 (38.3%); HREO – an18 (16.6%), an20 
(19.1%); LREO – an 18 (4.0%), an20 (6.1%), (Table 
9). These results suggest depletion of Y and enrich-
ment of REE in the rim areas. Significant variation in 
distribution pattern of HREE between core (an18) and 
rim (an20) areas is shown in chondrite normalised 
REE diagram (Fig. 46a).  
 
OLR 1-3P: Xenotime inclusions associated with alte-
ration areas in amphibole show clear zonation between 
the inclusion-rich core area, itself showing compositio-
nal zoning shown by dark and light areas, concentri-
cally zoned light rims, and the outer homogenous sur-
rounding rim area (Fig. 45d,e). Microprobe analysis 
shows oxide wt% variation between the dark spongy 
core (an1,an3) and lighter rim area (an2, an4): P2O5 – 
an1 (34.4%), an2 (33.6%); Y2O3 – an3 (43.8%), an4 
(36.3%); HREO – an3 (15.2%), an4 (18.1%); LREO – 
an3 (1.9%), an4 (7.9%);  SiO2 – an3 (1.0%), an4 
(0.3%). The results suggest significant depletion in Y 
and enrichment in REE, especially LREE, in the rim 
area (Fig. 47b,c). Significant variation in distribution 
patterns between an3 and an4 was shown in the chond-
rite normalised REE diagram (Fig. 46b). 
 
OLR 1-3U:  Fine-grained xenotime inclusions in bioti-
te show clear zonation. Zonation into alternate dar-
ker/lighter areas is interpreted to represent several sta-
ges of dissolution/recrystallisation. Xenotime in the 
core is also inclusion-rich and the outer, recrystallised 
zones are mostly inclusion-free (Fig. 45f). Microprobe 
analysis shows variation in oxide wt% between the 
darker areas (an21, an23) and the lighter areas (an22, 
an24): Y2O3 – an22 (42.3%); an23 (43.7%), an24 
(41.2%); ThO2 - an21 (0.3%), an22 (0.1%); UO2 - 
an22 (0.7%), an23 (0.1%); SiO2 – an22 (0.4%), an23 
(0.1%); P2O5 – an22(35.7%), an23 (35.9%); HREO – 
an22 (17.2%), an23 (16.1%), an24 (18.1%) (Table 9). 
The high Y content of this xenotime is also note-
worthy.  
 
OLR 1-3Y: Concentrically zoned xenotime inclusion 
in monazite, showing a light core (an5) and darker rim 
(an6) (Fig. 45g). Microprobe analysis shows variation 
3.3.1.2 Xenotime 
Xenotime has the general formula YPO4, however it 
also contains other HREE in significant concentra-
tions, predominantly Dy, Er, Yb and Gd (Spear & Pyle 
2002). Microprobe analysis of selected xenotime gra-
ins in this study showed average Y content of 32.2 
wt%, and average Dy, Er, Yb and Gd content of 5.2, 
3.7, 3.4 and 2.8 wt%, respectively (Table 8). However 
as seen with monazite, the chemical composition of 
xenotime varied greatly, for example Y content was 
observed to vary from 24.5 to 35.7 wt%.  
 As observed with monazite, xenotime showed a 
very close association with U-bearing minerals, and 
intergrowth-like textures involving these minerals 
were often observed. These observations seem to sug-
gest that contemporaneous precipitation of these mine-
rals from common enriched fluids has occurred. Rai-
sed U content was observed in many analysed xenoti-
mes eg. OLR 4-4T showing wt% U of 1.95%. 
 Compositional zonation in xenotime was obser-
ved to be more pronounced than in monazite, resulting 
in significant depletion/enrichment of LREE, Y, Th, 
U, Ca, Si and P between zones. These zones had often 
quite different textures, with inclusion-rich cores ha-
ving a “spongy” appearance surrounded by more ho-
mogenous inclusion-poor rims a common observation 
(Fig. 45e). Variations in chemical composition, especi-
ally of Y+REE, U and Th, also often resulted in the 
observation of darker/lighter zones, as was previously 
seen with monazite. Unlike monazite, a weak correla-
tion was observed between Th+U and Ca+Si in the 
samples, however a very clear negative correlation was 
observed between Y and REE (Fig. 59 and 59). Also, 
the presence of Th-U-Si minerals as inclusions in xe-
notime was observed at several locations in the samp-
les. 
 REE distribution patterns for core/rim areas of 
xenotime shown in the respective chondrite normalised 
REE diagrams were generally similar, however varia-
tions interpreted as significant were observed at OLR 
1-3P, OLR 4-4M and OLR 4-4R.  
 Results of xenotime analyses interpreted as of 
particular interest to this study are: 
 
OLR 2-9A: Xenotime inclusions in amphibole at OLR 
2-9A  showed compositional zonation and are associa-
ted with radiation haloes in the host mineral (Fig. 45a). 
Microprobe analysis showed large variation in oxide 
wt% between the light core (an1)/dark rim (an2) and 
dark core (an3)/light rim (an4): Y2O3 - an1 (31.1%), 
an2 (37.3%), an3 (38.2%) an4 (36.7%); UO2 - an3 
(0.1%), an4 (1.1%); P2O5 – an3 (35.1%), an4 
(34.1%); REO – an1 (32.6%), an2 (25.4%), an3 
(25.3%), an4 (24.9%); SiO2 – an3 (0.1%), an4 (0.3%) 
(Table 9). These results suggest significant enrichment 
of Y and depletion of REE in the rim area (an2), as 
well as significant U content in both the light core 
(an1) and rim area (an4) (Fig. 43a,c).  
 
OLR 1-3C: Xenotime inclusions in apatite at OLR 1-
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in oxide wt%: P2O5 – an5 (32.9%), an6 (33.7%); 
Y2O3 – an5 (36.8), an6 (38.4%); LREO – an5 (7.8%), 
an6 (7.1%); HREO – an5 (17.7%), an6 (16.8%); and 
low Th, U (Table 9).  
 
OLR 2-1E: The inclusion-rich xenotime at OLR 2-1E 
shows patchy zoning, with darker and lighter areas, 
surrounded by a concentrically-zoned, more homoge-
nous rim. The xenotime grain has a biotite rim which 
is surrounded by recrystallised quartz (Fig. 45h,i). Inc-
lusions in the xenotime include U-bearing minerals 
(ThUSi and UPbY), zircon and FeSi minerals, and are 
shown as white inclusions in Fig. 45j-l, see U-minerals 
section for description of these minerals. The xenotime 
host shows extensive fracturing associated with the 
ThUSi mineral inclusions. Microprobe analysis shows 
oxide wt% variation between concentrically-zoned rim 
areas (an14), light-coloured, recrystallised areas 
(an15), and darker “core” areas (an16): Y2O3 – an14 
(43.2%), an15 (42.8%), an16 (43.7); P2O5 – an15 
(34.7%), an16 (35.9%); UO2 – an14 (0.4%), an15 
(1.2%), an16 (0.1%); SiO2 – an14 (0.8%), an15 
(1.4%), an16 (0.3%); HREO – an15 (16.6%), an16 
(17.0%) (Table 9). The results show enrichment in U 
and Si and some depletion in Y+HREE and P in the 
lighter areas (Fig. 47d).  
 
OLR 2-1K: The anhedral xenotime inclusion located  
in a chloritised biotite has a dark inclusion-rich core, 
showing embayed margins (Fig. 45m). A monazite 
inclusion in the xenotime was identified as being Th-, 
Ca- and Si-rich under EDS analysis. Light/dark con-
centric zonation surrounding the core is itself surroun-
ded by altered areas. Microprobe analysis shows varia-
tion in oxide wt% between core area (an29) and light 
outer area (an28): Y2O3 – an29 (41.9%), an28 
(40.5%); HREE – an29 (16.2%), an28 (16.8%); UO2 – 
an29 (0.2%), an28 (0.8%) (Table 9).  
 
OLR 4-4T: Interstitial xenotime located in a large, 
heavily fractured and recrystallised monazite. Xenoti-
me (an17) was observed to have significant U content 
(an17: UO2=2.2%). Interstitial spaces connected with 
this xenotime are filled with quartz and also contain a 
UPb mineral (Fig. 45o). Microprobe analysis shows 
variation in oxide wt%: P2O5 – an16 (36.4%), an17 
(35.1%); Y2O3 – an16 (43.3%), an17 (41.1%); PbO – 
an16 (0.1%), an17 (0.6%); UO2 – an16 (0.5%), an17 
(2.2%); SiO2 – an16 (0.1%), an17 (0.5%); LREO – 
an16 (5.6%), an17 (6.5%); HREO – an16 (15.7%), 
an17 (15.4%) (Table 9).  
 
OLR 4-4M: Xenotime occurs as an inclusion and frac-
ture-fill in monazite. A “patchy-zoned”, inclusion-rich 
dark core (an20) and lighter, “patchy zoned” recrystal-
lised area (an21) in the xenotime is interpreted as re-
presenting the effects of fluid alteration (Fig. 45q). 
Note a quartz-filled fracture transects this xenotime-
filled fracture indicating the later involvement of Si-
rich fluids (Fig. 45p). Microprobe analysis shows ox-
ide wt% variation between the darker core (an20) and 
lighter surrounding area (an21): Y2O3 – an20 
(45.4%), an21 (42.8%); HREO – an20 (15.1%), an21 
(17.3%), suggesting depletion of Y and enrichment of 
HREE in the surrounding area (Table 9). The chondri-
te normalised REE diagram for this xenotime shows 
significantly different HREE distribution patterns for 
the darker core (an20) and lighter surrounding area 
(an21) (Fig. 46c).  
 
OLR 1-3L:  Xenotime inclusions in apatite at OLR 1-
3L show inclusion-rich cores with a “spongy” texture 
and inclusion-poor, compositionally-zoned outer areas 
(Fig. 45r). 
Fig.45: BSE images of xenotime observed in SEM/
Microprobe study. a: OLR 2-9N_f10. Example of the close 
association, and often intergrowth, observed between UPb 
minerals and xenotime.  b: OLR 1-3C_f10. Xenotime inclu-
sions in apatite, showing compositional variation between 
darker, inclusion-rich core (an12) and lighter recrystallised 
areas (an13).   
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Fig. 45 contd.: BSE images of xenotime observed in SEM/Microprobe study.  c: OLR 1-3F2_f15: Xenotime showing obvious 
zonation - with “spongy”, inclusion-rich cores (an18) and homogenous, inclusion-poor cores (an19), as well as lighter, recrystal-
lised rim areas (an20). d: OLR 1-3P_f2. Overview of xenotime inclusion in amphibole at OLR 1-3P. Note the lack of fine-
grained inclusions around the large xenotime inclusion. e: OLR 1-3P_f3: Xenotime inclusions in amphibole showing clear zona-
tion between the inclusion-rich core area, itself showing compositional zoning, and the outer homogenous rim. f: OLR 1-3U_f17  
Zoning in xenotime interpreted to represent several separate fluid events involving dissolution and recrystallisation. Note the 
inclusion-rich core and outer, more homogenous rim areas. g: OLR 1-3Y_f8  Zoned xenotime inclusions in monazite. h-l: U-Th 
mineral inclusion-rich xenotime showing zonation. h: OLR 2-1E_f1 Overview of xenotime with biotite rim.  
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Fig. 45 contd.: i: OLR 2-1E_f5 Xenotime showing patchy and concentric zoning. Note extensive fracturing associated with 
ThUSi inclusions; black inclusions are FeSi minerals. j: OLR 2-1E_f2 Fine-grained inclusions in xenotime, including U- mine-
rals (ThUSi), zircon and FeSi minerals. k: OLR 2-1E_f3 showing fine-grained Y+REE-rich UPb inclusion. l: OLR 2-1E ThUSi 
mineral inclusion in xenotime – Note metamict texture of the inclusion caused by crystal structure degradation. Impurities in the 
crystal lattice have resulted in volume expansion and fracturing of the host xenotime. m: OLR 2-1K_f12 Close-up of concentri-
cally-zoned xenotime inclusion in biotite. Note the central Th-, Ca and Si-rich monazite inclusion, suggesting possible Huttoni-
te/Brabantite substitution. n: OLR 2-9A_f2 Zoned xenotime inclusion with high-U core (light area) in Fe-rich amphibole. The 
xenotime was observed to cause a radiation halo in the host amphibole.  
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Fig. 45 contd.: o: OLR 4-4T-f18. Interstitial xenotime in large, heavily fractured, recrystallised monazite. Xenotime (an17) was 
observed to have significant U content (UO2=2.2%).  p: OLR 4-4M-f20. Overview of fractured and recrystallised mnz inclusion 
in apatite. Fractures filled with xenotime, magnetite, hematite and quartz. Note the quartz-filled fracture transects the xenotime-
filled fracture indicating a younger age. q: OLR 4-4M_f21 Close-up of xenotime filling fracture shown in p. Note the “patchy-
zoned”, inclusion-rich dark core (an20) and lighter, “patchy zoned” recrystallised area (an21).  r: OLR 1-3L Xenotime inclu-
sions in apatite showing inclusion-rich “spongy” core and inclusion-poor, compositionally-zoned outer areas. 
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Fig. 46b: Chondrite normalised REE diagram for xenotime at OLR 1-3P, showing significantly different distribution patterns for 
the “spongy” inclusion-rich core (an3) and lighter surrounding area (an4).  
Fig. 46a: Chondrite normalised REE diagram for xenotime at OLR 1-3F2, showing variation in distribution patterns between 
the “spongy” inclusion-rich core (an18) and surrounding area (an20).  The unexpected anomaly for Nd is due to values reaching 
the detection limit and should be disregarded (Table 7). 
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Fig. 46c: Chondrite normalised REE diagram for xenotime at OLR 4-4M_f21, showing significantly different HREE distribu-
tion patterns for the darker core (an20) and lighter surrounding area (an21).  
Fig. 47a: HREE concentration variation in xenotime showing core/rim zonation.  Significant enrichment in rim at 1-3P_f3b, 1-
3f2_f15 and 4-4M_f21; Significant depletion in rim at 2-9A_f2. 
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Fig. 47b: LREE concentration variation in xenotime showing core/rim zonation. Note significant enrichment of LREE in the rim 
area of 1-3P_f3b, 1-3f2_f154-4R_f27 and f28, and depletion in the rim of 2-9A_f2. 
Fig. 47c: Y concentration variation in xenotime showing core/rim zonation. Note significant enrichment of Y in the rim area of 
2-9A_f2, and depletion in the rim area of 1-3P_f3 and 1-3P_f3b. 
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3.3.1.3 Apatite 
Apatite in the samples is characterised by the presence 
of abundant minute monazite and xenotime inclusions. 
As previously reported in Bachmann et al. (2013), the 
occurrence of apatite with inclusion-rich cores and 
inclusion-free rims is common (Fig. 48d). However 
apart from this host mineral/inclusion relationship the-
se minerals were also observed with intergrowth textu-
res, often in association with UPb minerals and Fe-Ti 
oxides (Fig. 48a-c). 
 Although not as dramatic as was observed with 
monazite and xenotime, the microprobe analysis sho-
wed significant variation in the chemical composition 
of apatite eg. P content varied between a wt% of 
37.8% to 39.7%. Analysed apatite showed a predomi-
nance of F over Cl, with average wt% of F and Cl of 
3.9% and 0.3%, respectively, suggesting a fluorapatite 
composition (Table 10). Although there was no clear 
overall trend shown between core and rim areas regar-
ding F content, some locations showed higher F in rim 
areas. For example, the inclusion-rich apatite at OLR 
2-9F showed higher wt% F in the inclusion-poor rim, 
an3, (4.0%) than the inclusion-rich core, an1, (3.4%) 
(Fig. 48d and 49a; Table 10). 
 Even though apatite is classed as an REE-
bearing mineral in this study low concentrations of 
these elements were observed, with an average wt% 
for total REE of c. 0.8% and LREE being slightly 
more abundant than HREE, see Table 10. No clear 
trends regarding depletion/enrichment of REE between 
core/rim areas can be seen, however the depletion of 
REE in the rim at OLR 2-9F, coupled with enrichment 
in F, is interpreted as significant (Fig. 49b). A very 
low U and Th content, averaging below 0.01 wt%, was 
also observed in the samples (Table 10).  
 
Fig. 47d: U concentration variation in xenotime showing core/rim zonation. Note significant enrichment of U in the rim area of 
3-2D_f5, 2-1E_f5, 2-1K_f12 and 2-9A_f2b, and depletion in the rim area of 1-3U_f17b and 4-4R_f27. 
Fig. 48: BSE images of xenotime observed in SEM/
Microprobe study. a: OLR 1-3U_f16. Intergrowth texture of 
xenotime and apatite inclusions in biotite.  
56 
Fig. 48 contd.: BSE images of xenotime observed in SEM/Microprobe study. b: OLR 2-9A_f1ap. Typical close association 
shown between apatite, monazite, xenotime, UPb mineral and Fe-Ti oxides. c: OLR 5-3B. Intergrowth of monazite and apatite 
interpreted to suggest apatite as a possible retrograde breakdown product of monazite. d: OLR 2-9F_f7_ap. Inclusion-rich apa-
tite grain showing inclusion-poor rims. e: OLR 4-4R_f23: Apatite with fine grained monazite- and xenotime inclusion-rich core 
with decreasing inclusions towards rim. Fine grained black inclusions are Mg-rich FeCO3 (siderite). f: OLR 4-4E. Growth of 
siderite (Sid) FeCO3 associated with albite inclusions/filled fractures in xenotime.  
C) 
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Fig. 49a: Variation in F content between core and rim of apatite samples. Note the significant enrichment in F at OLR 2-9F. * 
denotes the second set of core/rim analysis points. 
Fig. 49b: Variation in REE content between core and rim of apatite samples. Note the depletion in REE at OLR 2-9F.  
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3.3.1.4 U-bearing minerals 
As previously noted in the study by Bachmann et al. 
(2013), U-bearing minerals were observed in the Olse-
rum drillcore samples. The XRF analysis suggests that 
these minerals were particularly abundant in thin sec-
tion OLR 3-2, however relative abundance of U-
bearing minerals was also observed in OLR 2-1 and 
OLR 2-9. As observed in previous studies (eg. Uyten-
bogaardt 1960, Hoeve 1974), U-bearing minerals show 
a close association with magnetite and ilmenite, often 
occurring as inclusions in these minerals.  
 The UPb minerals also occur as individual gra-
ins and small aggregates of fine-grained inclusions in 
biotite and amphibole, resulting in radiation haloes in 
the host mineral (Fig. 28). These inclusions and fine 
aggregates are sometimes abundant and form “trails” 
of radiation haloes. U-bearing minerals also show a 
close association with monazite and xenotime, often 
occurring together as inclusions in biotite or amphibo-
le (Fig. 50b). It is also worth noting that although mic-
roprobe analyses of monazite and xenotime showed 
some significant concentrations of UO2 eg. up to 1.4 
wt% (monazite at OLR 3-2A), the REE phosphates are 
not interpreted as U-bearing minerals in this section 
(Table 6).  
 Microprobe analysis shows several different U-
bearing minerals of various chemical compositions, 
occurring as UPb-, ThSiU-, USi- and NbUFe-minerals, 
often containing significant concentrations of Y+REE 
and other elements such as Ca and P  (Table 12). The 
high U content and  greater abundance of UPb-
minerals suggest that these are the dominant U-carrier. 
Chemical compositions of secondary  U-minerals sho-
wing similar composition to those observed in this 
study have been listed for comparison (Table 13). U-
bearing minerals at the following locations are inter-
preted to be of interest to this study. Note all reference 
to light and dark areas refers to BSE imagery.  
 
OLR 2-9A: Microprobe analysis of an altered uraninite 
grain at OLR 2-9A (Fig. 50c; Table 12), showed pat-
terns suggesting dissolution processes observed previ-
ously by Janeczek and Ewing (1992). Microprobe ana-
lysis showed oxide wt% variation between the darker 
core area (an2) and the lighter, altered area (an1): UO2 
– an 1 (73.6%), an2 (79.5%); PbO – an1 (20.3%), an2 
(11.8%); FeO – an1 (0.4%), an2 (1.0%). These results 
suggest fluid alteration resulted in depletion of U. 
 
OLR 3-2F: Microprobe analysis of a zoned uraninite 
grain observed at OLR 3-2F (Fig. 50d), shows varia-
tion in oxide wt% between the darker core (an13) and 
the lighter altered area (an12): PbO – an13 (14.1%), 
an12 (12.3%); UO2 – an13 (68.0%), an12 (63.2%); 
Y2O3 - an13 (2.7%), an12 (5.6%); TREO – an13 
(5.6%), an12 (9.7%), see Table 12. Also worth noting 
is the margin of the uraninite inclusion showing an 
embayed texture, suggesting dissolution processes 
associated with a possible earlier fluid event. Micro-
probe analysis of the light-coloured rim (an1) in the 
surrounding xenotime at OLR 3-2F (Fig. 50e), indica-
tes a (U+Si)-rich and (Y+REE)-poor composition, 
with wt% UO2 (52.2%), SiO2 (15.0%), Y2O3 (9.0%) 
and TREO (7.8%).     
 
OLR 2-1E: Microprobe analysis of the UPb inclusion 
at OLR 2-1E shows a Y-rich and U-poor composition 
with the following oxide wt%: P2O5 (1.0%), Y2O3 
(9.6%), ThO2 (2.8%), UO2 (57.7%), PbO (15.4%) and 
TREO (10.1%) (Fig. 45k; Table 12) . Close associa-
tion between fine-grained ThUSi and zircon inclusions 
were also observed in this xenotime host (Fig. 45j,k). 
Microprobe analysis of the ThUSi (an1) inclusion 
shows the following  oxide wt%: ThO2 (48.2%), SiO2 
(17.2%), UO2 (12.5%), TREO (6.6%), P2O5 (2.6%), 
CaO (2.0%), a chemical composition suggesting a pos-
sible U-poor uranothorite or U-rich thorite (Table 13). 
 
OLR 2-9C2: Further observations suggesting uraninite 
dissolution, in an area containing abundant inclusion-
rich fluorapatite, were made of an altered UPb mineral 
at OLR 2-9C2 (Fig. 50f). Microprobe analysis of this 
UPb mineral shows variation in wt% of UO2 and PbO 
between the lighter altered area (an10) and the darker 
area (an7): UO2 - an10 (81.7%), an7 (85.4%); PbO – 
an10 (4.4%), an7 (2.5%), (Table 12). The light-
coloured alteration also surrounds fractures, sugges-
ting that infiltrating fluids have leached U.  
 
OLR 3-2O: The unusual ”ball” structure at this loca-
tion shows signs of successive fluid alteration. A UPb 
mineral (an3) showing signs of alteration (an4) inters-
persed with graphite are the main constituents. A thin 
rim of Ca-rich magnetite surrounds this structure, fol-
lowed outwards by an Fe-rich silicate (FeSi) and then 
recrystallised quartz.  
 Microprobe analysis shows large compositional 
variation between the UPb mineral (an3) and it’s grey 
alteration areas (an4): CaO – an3 (0.2%), an4 (1.7%); 
FeO – an3 (0.1%), an4 (1.4%); Y2O3 - an3 (1.7%), 
an4 (7.5%); UO2 – an3 (69.2%), an4 (47.9%); SiO2 – 
an3 (0.1%), an4 (14.0%); SO3 – an3 (0.1%), an4 
(0.4%); P2O5 – an3 (0.0%), an4 (3.6%); PbO – an3 
(19.3%), an4 (4.9%); TREO – an3 (3.6%), an4 (7.8%); 
F – an3 (0%), an4 (0.3%) (Table 12). Note the signifi-
cant wt% of F (0.3%) in the altered area of uraninite, 
suggesting that F-rich fluids were involved in the dis-
solution process. Also noteworthy is the wt% of SO3 
(0.4%) in the altered area, suggesting the presence of S
-rich fluids that would have been necessary for the 
subsequent precipitation of galena (PbS), which occurs 
abundantly as inclusions and individual grains in this 
thin section.  
    
OLR 3-2B: Microprobe analysis of another U-bearing 
mineral at OLR 3-2B (Fig. 50h), gave the following 
oxide wt%: UO2 (47.4%), SiO2 (14.0%), Y2O3 
(10.4%), TREO, excl. Y2O3 (10.4%), P2O5 (4.8%) 
and ThO2 (2.6%), which can be interpreted as a low-U 
coffinite composition (Table 12). 
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OLR 3-2D: Microprobe analysis of the ThUSiYP 
mineral inclusion in xenotime observed at OLR 3-2D 
indicates a possible low-U uranothorite or U-rich, Th-
poor thorite composition, showing variations in oxide 
wt% between the darker areas (an5) and lighter areas 
(an4): UO2 – an5 (13.8%), an4 (14.8%); ThO2 – an5 
(48.4%), an4 (50.5%); Y2O3 – an5 (5.1%), an4 
(3.9%); TREO – an5 (12.8%), an5 (9.9%) (Fig.  50 i,j; 
Table 12 and 13). 
Fig. 50: BSE images of U-bearing minerals observed in 
SEM/Microprobe study. a: OLR 2-9A, showing UPb min-
eral and xenotime inclusions in amphibole. Note alteration in 
amphibole around inclusions; b: OLR 2-9C showing typical 
close association between UPb mineral, monazite and xeno-
time also shown is magnetite and Fe-rich amphibole. Note 
zonation in xenotime. c: OLR 2-9A_f4 Highly fractured 
UPb mineral inclusions in Fe-rich amphibole. Note patchy 
compositional zoning represented by light and dark areas. d: 
OLR 3-2F_f7 showing UPb mineral inclusion in xenotime 
(black), refer to overview image (Fig. 50e). Note that the 
UPb mineral shows a darker core (an13) and a lighter, al-
tered area (an12). e: OLR 3-2F_f7b Overview of UPb inclu-
sion shown in Fig. 50d, showing alteration zone  in xenotime 
forming a rim around the uraninite inclusion.  
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Fig. 50 contd.: BSE images of U-bearing minerals observed in SEM/Microprobe study. f: OLR 2-9C2_f6. Altered UPb mineral 
inclusion in amphibole. Microprobe analysis of the UPb mineral shows Pb-enrichment/U-depletion in light altered areas. Note 
also the light-coloured alteration surrounding fractures, suggesting that fluids have infiltrated the uraninite and leached U. g: 
OLR 3-2O_f8. Unusual structure containing graphite (Gr) and UPb mineral. A thin rim of Ca-rich magnetite surrounds this 
structure, followed outwards by an Fe-rich silicate (FeSi) and recrystallised quartz. h: OLR 3-2B_f2, showing  biotite-, ThU-
SiYP mineral and galena inclusions in monazite. i: OLR 3-2D Overview of ThUSi inclusions in xenotime. Also shown are 
monazite inclusions in biotite surrounds. Note abundant galena inclusions in xenotime. j: OLR 3-2D_f3, showing replacement 
of monazite inclusions by a ThUSiYP mineral in a xenotime host. Also shown is galena and Fe-rich chlorite, the square black 
area is a pit in the xenotime.  
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 3.3.1.5 U-bearing Nb-minerals 
UPb minerals showing close association with Nb ox-
ides, as well as monazite and xenotime, were observed 
at various locations in the SEM and microprobe studi-
es (Fig. 51a,c). Due to the significant U content obser-
ved in many of these Nb-minerals they have been inc-
luded in this section. At OLR 2-9H, NbUFe mineral, 
Pb-rich uraninite and columbite inclusions occur in an 
ilmenite inclusion in magnetite, suggesting close asso-
ciation between U, Nb and Fe-Ti mineralisations (Fig. 
51a). Microprobe analysis of the NbUFe mineral 
shows: FeO – an6 (9.0%), Y2O3 – an6 (2.9%), UO2 – 
an6 (25.1%), PbO – an6 (6.5%) and NbO – an6 
(45.4%) (Table 13), which is interpreted as a seconda-
ry uranium mineral. It’s chemical composition is very 
similar to a uranpyranchlore sample analysed by Pe-
truk & Owens (1975) (Table 14). The data also shows 
a depletion in UO2 in the darker altered area (an5) of 
the pyranchlore: UO2 – an5 (24.0%). The close associ-
ation suggested for uraninite and columbite is also 
clearly shown in Fig. 51b, by the observed intergrowth 
of these two minerals, as well as precipitation of a U-
rich Nb mineral. 
Fig. 51: BSE images of U-bearing Nb-minerals observed in 
SEM/Microprobe study. a: OLR 2-9H_f9 showing NbUFe 
mineral, UPb and columbite (Col) inclusions in ilmenite 
(Ilm). The NbUFe mineral is interpreted as a secondary ura-
nium mineral, with a chemical composition suggesting uran-
pyrochlore. Note the central altered area in the NbUFe min-
eral and it’s association with a large fracture, showing light-
coloured alteration in the surrounding magnetite and ilmen-
ite.  b:  OLR 2-9H2_f11 Columbite and UPb mineral inter-
growth and close association with monazite and Fe-Ti ox-
ides. Microprobe analysis of monazite, an13, shows raised 
wt% U (1.0%). c: OLR 2-9H. Close association between U 
and Nb mineralisations commonly seen in samples, with 
intergrowth of columbite, UPb mineral and secondary Nb 
oxides.  
3.3.1.6 Amphibole 
Amphibole with inclusion-rich cores and more homo-
genous, inclusion-poor rims were commonly observed 
in the samples. The core area of the amphibole at OLR 
4-4O, rich in minute inclusions, is an example of this 
characteristic (Fig. 52a). Mg-rich chlorite, identified 
under EDS-analysis, was observed to have formed on 
the boundary of the core and crystallographically-
orientated ilmenite needles are abundant in the rim 
area (Fig. 52a). 
 Lighter alteration areas observed in BSE ima-
ges around monazite inclusions and surrounding frac-
tures in Fe-rich amphibole at OLR 4-4A, were identifi-
ed as chlorite in EDS analyses (Fig. 52b,c) . Micropro-
be analysis of the chlorite (an1), showing FeO = 
41.6% and MgO = 3.5%, is interpreted to suggest a 
Fe-rich chamosite (Fe-end member of chlorite) com-
position (Table 15). 
 Bulk chemical calculations of the Fe-rich 
amphibole, according to the method outlined in Leake 
et al. (2004), resulted in a classification into Group 1: 
Mg-Fe-Mn-Li amphiboles. Calculations of Si apfu = 
6.76 and Mg/(Mg + Fe2+) apfu = 0.48 suggest a ferro-
gedrite composite (Leake et al. 2004). 
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Fig. 52: BSE images of amphibole observed in SEM/
Microprobe study. a:  OLR 4-4O_f8. Fe-rich amphibole with 
minute inclusion-rich core and inclusion-poor rim area. Rim 
area contains crystallographically orientated  ilmenite nee-
dles and Mg-rich chlorite inclusions. b: OLR 4-4A. Abun-
dant monazite inclusions in amphibole. Note the alteration 
areas around the inclusions. c:  OLR 4-4A_f1. Signs of chlo-
ritisation in amphibole, with chlorite shown as lighter altered 
areas around monazite inclusions and nearby fractures in 
amphibole.  
3.3.1.7 Fe-Ti-oxides 
Close association was commonly observed betwe-
en Fe-Ti-oxides, U-minerals and monazite/xenotime in 
the samples (Fig. 53d). By far the most predominant 
mineral observed of the Fe-Ti-oxides, magnetite oc-
curs as fine to coarse, often inclusion-rich crystals, as 
well as fine-grained inclusions in biotite, amphibole, 
apatite and monazite/xenotime. Magnetite also often 
shows signs of oxidation to hematite, suggesting oxidi-
sing conditions (Fig. 53a,b). The other commonly ob-
served Fe-Ti oxide is ilmenite, closely associated with 
magnetite, with these minerals often observed with an 
“inter-locking” texture. However ilmenite was also 
observed as individual fine grained needles in biotite 
and amphibole (Fig. 52a). Alteration areas were obser-
ved in ilmenite, containing a Ti-oxide and chlorite 
(Fig. 53c). 
Fig. 53: BSE images of Fe-Ti oxides observed in SEM/
Microprobe study. a: OLR 1-3F_f14.  Magnetite containing 
Fe-Ti oxides and xenotime inclusions. Note the SiFe-mineral 
interpreted as a secondary product resulting from the altera-
tion of hematite by Si-rich fluids. The chemical composition 
of the mineral at (an7) is unusual and can be described as a 
Fe-rich aluminium silicate.  b:  Magnetite inclusions in 
monazite showing oxidation to hematite. 
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Fig. 53 contd.: c: OLR 4-4J_f13. Closeup of magnetite and 
ilmenite inclusion in monazite. Note alteration area of ilmen-
ite consisting of a Ti oxide and chlorite. Note alteration of 
magnetite to FeSi mineral. EDS-analysis of alteration area in 
ilmenite suggested rutile and chlorite components. d: OLR 1-
3P_f1. Close association shown between Fe-Ti oxide and 
xenotime inclusions in amphibole. 
3.3.1.8 Galena 
Galena occurs as fine-grained  subhedral to euhedral 
inclusions in monazite, xenotime and magnetite, as 
well as individual grains closely associated with these 
minerals. Galena was observed in relative abundance 
in thin section, particularly OLR 3-2 (Fig. 54a,b,c).  
 Also of importance for the precipitation of gale-
na is the observation of minor concentrations of S in 
microprobe analyses eg.  OLR 3-2I_an6 for a ThU-
SiPb mineral (Table 12). Minor pyrite FeS2 veins were 
also observed while logging the OLR12002 drillcore. 
These observations suggest therefore that S was indeed 
present in the system for the formation of the abundant 
galena observed in this thin section.  
Fig. 54: BSE images of galena observed in SEM/
Microprobe study. a: OLR 3-2C Galena and monazite inclu-
sions in a compositionally zoned xenotime.  b:  OLR 3-2A 
Subhedral galena inclusion in xenotime. c: OLR 3-2B Close 
association between galena, monazite and xenotime often 
observed in thin section OLR 3-2.  
64 
3.4 Geochronological results from electron microprobe dating 
Ages obtained from the electron microprobe analyses of monazite (Table 3) and xenotime (Table 4) show large 
variations in error, from relatively low to extremely high, particularly for xenotime. There appears large variations 
in the ages obtained for both monazite and xenotime, with similar patterns showing two groupings, one major 
group with ages comparable to the 1.85-1.65 Ga TIB granites and another minor group with younger ages (Fig. 55 
and 56). Also, several ages were obtained with significantly older and younger ages outside these main groups. It is 
considered important here to note that the electron microprobe method used assumes that all Pb is radiogenic and 
that none has been lost during later events (Krenn et al. 2008). However, if Pb has been lost, which is potentially 
the case with the highly altered monazite and xenotime at Olserum, then this method will give younger ages. All 
age calculations were undertaken by Patrik Konečný, Dept of Electron Microanalysis, Geological Institute of Dio-
nyz Stur, Bratislava, Slovak Republic, using the method outlined in Petrík & Konečný (2009)  
Table 3: Ages obtained for monazite from analyses taken using electron microprobe Cameca SX-100. Calculations undertaken 
by Patrik Konečný, Dept of Electron Microanalysis, Geological Institute of Dionyz Stur, Bratislava, Slovak Republic, using the 
method outlined in Petrík & Konečný (2009). 
Sample Age (Ma) Error +/- Sample Age (Ma) Error +/- 
1-3C2_an 14 1420 190 4-4M_an 22 1761 58 
1-3C2_an 15 1240 75 4-4M_an 23 1804 56 
1-3C2_an 16 1817 91 4-4M_an 24 1463 48 
3-2A_an 1 1764 32 4-4M_an 25 1781 51 
3-2A_an 2 1740 27 4-4R_an 26 1712 55 
3-2A_an 3 1719 27 4-4R_an 27 1725 86 
3-2E_an 10 1364 197 4-4R_an 28 1773 64 
3-2E_an 11 1455 60 4-4R_an 29 1710 74 
3-2H_an 14 1720 46 4-4R_an 31 1691 49 
3-2H_an 16 1796 133 2-1J_an 18 1766 140 
3-2I_an 17 1457 63 2-1J_an 20 1812 133 
1-3U_an 8 1718 67 2-1K_an 25 1756 27 
1-3U_an 9 1829 66 2-1K_an 26 1757 32 
4-4A_an 1 1845 28 2-1K2_an 31 1769 32 
4-4A_an 2 1465 23 2-1N_an 33 1846 175 
4-4A_an 3 1647 29 2-1N_an 35 1834 123 
4-4G_an 7 1723 57 2-9A_an 5 1841 122 
4-4G_an 8 1367 16 2-9A_an 6 1800 39 
4-4G_an 9 1927 72 2-9C2_an 11 1755 38 
4-4J2_an 10 1863 226 2-9N_an 12 1930 46 
4-4B_an 12 1770 21 2-9H2_an 13 1802 48 
4-4B_an 13 1777 22 2-1J_an 22 1753 122 
4-4B_an 14 1771 26 2-1J2_an 24 1960 80 
4-4B_an 15 1776 28       
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Table 4: Ages obtained for xenotime from analyses taken using electron microprobe Cameca SX-100. Calculations undertaken 
by Patrik Konečný, Dept of Electron Microanalysis, Geological Institute of Dionyz Stur, Bratislava, Slovak Republic, using the 
method outlined in Petrík & Konečný (2009). 
Sample Age (Ma) Error +/- Sample Age (Ma) Error +/- 
1-3P_an 1 1222 565 2-9A_an 1 1719 127 
1-3P_an 2 1590 870 2-9A_an 2 1694 164 
1-3P_an 3 1614 574 2-9A_an 3 1479 906 
1-3P_an 4 1597 438 2-9A_an 4 1653 117 
1-3Y_an 5 1394 630 4-4T_f18_an 16 1559 167 
1-3Y_an 6 1358 615 4-4T_f18_an 17 1637 45 
1-3S_an 9 1466 333 4-4M_f21_an 20 1791 209 
1-3C_an 12 1681 146 4-4M_f21_an 21 1494 273 
1-3C_an 13 1711 140 4-4R_f27_an 32 1751 180 
1-3F2_an 18 1642 229 4-4R_f27_an 33 1158 1013 
1-3F2_an 19 1710 207 4-4R_f28_an 34 1761 276 
1-3F2_an 20 1715 189 4-4R_f28_an 35 1456 732 
1-3U_an 21 1646 389 2-1E_f5_an 14 1718 154 
1-3U_an 22 1672 176 2-1E_f5_an 15 1819 75 
1-3U_an 23 1519 779 2-1E_f5_an 16 1436 480 
1-3U_an 24 1683 374 2-1K-f12_an 27 1795 224 
3-2C_an 6 1442 635 2-1K-f12_an 28 1662 95 
3-2D_an 7 1724 339 2-1K-f12_an 29 1647 284 
3-2D_an 8 1652 538 2-1K-f12_an 30 1384 176 
3-2D_an 9 1754 101       
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Fig. 55: Variation in calculated ages (Ma) of all analysed monazite grains in the samples. Note the majority of ages are compa-
rable with the 1.85-1.65 Ga TIB granites, however that a clear second grouping with ages comparable to the Hallandian orogeny 
was also observed.  
Fig. 56: Variation in calculated ages (Ma) of selected analysed xenotime grains in the samples. Note that the majority of ages 
are comparable with the 1.85-1.65 Ga TIB granites, however a second grouping of ages, similar to that shown with monazite, 
suggests a younger thermal event.  
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4 Discussion 
Results of the petrographic study regarding the mineral 
constituents of the samples generally reflect the previ-
ously reported observations by Bachmann et al. 
(2013), with the  main minerals observed as biotite, 
amphibole, apatite, quartz, monazite, xenotime and 
magnetite. The observation of cordierite is interpreted 
as evidence for previous high T/low P conditions and 
supports the observations of a “metamorphic assemb-
lage I” made by Elbers (1971). Abundant green amphi-
bole (ferrogedrite) suggests amphibolite facies condi-
tions (Winter 2010), and supports the “metamorphic 
assemblage II” of Elbers (1971). Retrograde meta-
morphism is suggested by the biotite → chlorite and 
amphibole → chlorite reactions (Winter 2010). Altho-
ugh sillimanite was not observed, the presence of mus-
covite may support the retrograde reaction sillimanite 
→ muscovite, proposed by Elbers (1971). The obser-
vation of chlorite needles and albite in fractures sug-
gests the “metamorphic assemblage III” of Elbers 
(1971). Presence of these minerals also supports previ-
ous interpretations that the metasediments have suffe-
red retrograde metamorphism at greenschist facies 
conditions (eg. Elbers 1971; Hoeve 1974).  
 The following discussion focuses mainly on the 
SEM/Microprobe analysis. 
 
4.1 Monazite 
Monazite has the general formula (LREE)PO4, sho-
wing preferential selection of LREE over HREE in the 
crystal structure and with LREE represented primarily 
by La, Ce and Nd (Spear & Pyle 2002. However most 
monazites also contain Th, U, Ca, Si, HREE, Y and Pb 
in varying concentrations (Spear & Pyle 2002). Mona-
zite, like xenotime, commonly occurs as detrital gra-
ins, however studies have shown that detrital monazite 
is not thermodynamically stable during diagenesis and 
that monazite found in low-medium grade rocks occur 
most likely as detrital relics (Overstreet 1967; Ferry 
2000; Spear & Pyle 2002).  
 Metamorphic monazite is often abundant at 
amphibolite facies conditions (Krenn et al. 2008) and 
monazite growth has also been observed to be enhan-
ced in fluid-rich environments, due to efficient trans-
port of crystal-building ions in solution (Zhu & O’Ni-
ons 1999). The intrusion of Småland granites into the 
metasediments and subsequent release of hydrothermal 
fluids, associated with peak metamorphism conditions 
at upper-amphibolite facies (Hoeve 1974), is interpre-
ted to have produced such fluid-rich environments (eg. 
Uytenbogaardt 1960, Welin 1966 and Hoeve 1974). 
Therefore the large monazite grains seen in thin sec-
tion may suggest formation at, or close to, peak meta-
morphic conditions at upper amphibolite facies. This 
interpretation is supported by an age of 1804 ± 56 Ma 
calculated for the large monazite at OLR 4-4M (Fig. 
42n; Table 3), which can be compared to the age of 
peak metamorphism of 1825 Ma suggested by Beunk 
& Page (2001). Importantly, this age is also extremely 
close to that of 1803 ± 7 Ma, yielded by U-Pb zircon 
dating of the Gersebo granite in a study by Åhäll 
(2001). The comparable age and proximity of the Ger-
sebo granite to the study site, c. 50 km, may be inter-
preted to suggest that hydrothermal fluids generated by 
the crystallization of this granite were involved in the 
metasomatic processes that resulted in formation of the 
analysed monazite at OLR 4-4M. 
 Textural evidence suggesting the subsequent 
dissolution of large monazite grains, for example the 
skeletal appearance of large monazite relics, is inter-
preted as changes that occurred during retrograde me-
tamorphic conditions in a fluid-rich environment (Fig. 
35,48c). This dissolution of monazite in retrograde, 
low T and fluid-rich environments has been observed 
in previous studies (eg. Poitrasson et al. 1996). 
 Hydrothermal overprint resulting in dissolution 
of REE-bearing minerals and subsequent re-
precipitation of monazite, as is proposed to have oc-
curred at Olserum, has been observed in previous stu-
dies (eg. Krenn et al. 2008). Although the trace ele-
ments U, Th, REE and Y have generally been conside-
red highly immobile during metamorphism (eg. Finger 
et al. 1998), various previous studies have in fact re-
ported some mobility regarding these elements (eg. 
Poitrasson et al. 1996). Chloritisation associated with 
hydrothermal alteration, reported by Poitrasson et al. 
(1996), resulted in extensive leaching of REE. Their 
study of hydrothermally altered granite samples that 
had suffered chloritisation found that alteration of mo-
nazite had resulted in the exchange of REE, Th, U and 
Pb. Significant depletion of Nd in relation to Th was 
observed in the altered parts of monazite and was in-
terpreted to be due to the higher solubility of lathan-
ides compared to Th. Poitrasson et al. (1996) sugges-
ted that leaching  resulted in greater removal of the 
more mobile REE compared to Th. Based on these 
observations it is interpreted that similar processes 
involving leaching of REE and the subsequent forma-
tion of high Th monazite cores are interpreted to have 
occurred in this study (Fig. 42f).  
 Compositional zonation is a common occurren-
ce in metamorphic monazite and may be the result of a 
number of processes including overgrowth, regrowth, 
intergrowth, replacement and recrystallisation (Zhu & 
O’Nions 1999). In their study of monazites from high-
grade gneisses, Zhu and O’Nions (1999) observed 
three main types of zonation: concentric, patchy and 
intergrowth-like. Examples of similar zonation in mo-
nazite were also observed in this study, such as con-
centric zonation (Fig. 42p), and patchy zonation (Fig. 
36).  
 Zhu & O’Nions (1999) suggest that concentric 
zonation may represent overgrowth around a detrital 
portion, episodic growth or replacement caused by 
interaction with metamorphic fluids. The interlocking 
pattern of intergrowth-like zonation, on the other hand, 
suggests the simultaneous crystallization of monazite, 
where local variations in fluid chemistry result in com-
positional variations in the forming monazite (Zhu & 
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O’Nions 1999). As reported in previous studies (eg. 
Zhu & O’Nions 1999), different growth zones obser-
ved  in this study have often sharp boundaries and re-
present chemically distinct areas, especially in regards 
to Th, U, Si, Ca, Pb and Y (Fig. 42a). Chemical zona-
tion in monazites is suggested by Spear & Pyle (2002) 
to be caused by zoning in Th and/or U, and that yttri-
um zoning may record consecutive stages in monazite 
growth. Such zonation was frequently observed in 
analysed monazite grains in this study, supporting in-
terpretations of consecutive growth associated with the 
same fluid event.  
 Coupled and uncoupled substitution mecha-
nisms are believed to occur in both monazite and xe-
notime. However these mechanisms differ depending 
on rock-fluid characteristics, resulting in variations in 
exchange of REE, Th, U and Pb between monazite and 
fluids (Poitrasson et al. 1996). The extent of element 
substitution in monazite resulting from these mecha-
nisms is reflected in observed compositions of natural 
monazite-Ce CePO4, which suggest a continuous solid 
solution between this mineral and brabantite 
CaTh(PO4)2. Although only established synthetically, 
a continuous solid solution is also suggested between 
huttonite ThSiO4 and monazite-La LaPO4 (Förster 
1998). The proposed substitution mechanisms are:  
 
1. Y = REE;  
2. Th + Si = (Y + REE) + P, huttonite substitution, 
forming monoclinic huttonite, ThSiO4, in monazite, or 
tetragonal thorite, ThSiO4, in xenotime;  
3. Th + Ca = 2(Y + REE), brabantite substitution, for-
ming brabantite, CaTh(PO4)2, in monazite. 
4. U + Si = (Y+REE) + P, forming tetragonal coffinite, 
USiO4, in both monazite and xenotime (Poitrasson et 
al. 1996; Zhu & O’Nions 1999; Spear & Pyle 2002; 
Förster 2006; Hetherington & Harlov 2008).  
 
 The predominance of brabantite and huttonite 
substitution in monazite is shown by a positive corre-
lation between Th+U and Ca+Si (Spear & Pyle 2002). 
A clear positive correlation between these elements 
was observed in the core/rim-zoned monazites in this 
study, indicating that all of the Th+U content in the 
monazite of the samples can be accommodated by 
these substitution mechanisms (Spear & Pyle 2002) 
(Fig. 57). It is believed that these two coupled substitu-
tion mechanisms are the principal method of Th incor-
poration into monazite (Harlov 2011).  
 REE distribution patterns observed in chondrite 
normalised REE diagrams in this study show the ex-
pected negative gradients, with HREE depletion and 
strong negative Eu anomalies, for monazite. Strong Eu 
anomalies have been previously reported to indicate 
high T, reducing conditions (Bau & Möller 1992). 
Although negative anomalies have also been reported 
for HREE in these conditions, such as for ytterbium 
reported by Bau & Möller (1992), the negative anoma-
lies observed for HREE in this study are considered to 
be due to analysis values reaching the respective de-
tection limits (pers. com. Konečný 2014). 
 The following is a brief discussion of monazites 
at selected sample locations. Unless otherwise stated, 
all reference to light and dark areas refers to BSE ima-
gery. 
 
OLR 4-4B: The clear chemical zonation observed in 
monazite at OLR 4-4B, with a high Th core area sur-
rounded by a REE-richer area can be interpreted as 
being caused by episodic growth, previously observed 
by Zhu & O’Nions (1999) (Fig. 42a). Th-rich fluids, 
enriched by metasomatic processes with wallrock and 
dissolution of existing detrital monazite (eg. Elbers 
1971; Hoeve 1974), are interpreted to have precipita-
ted the initial Th-rich core. Subsequent dissolution of 
the initial monazite by REE-rich fluids is interpreted to 
have then resulted in the formation of the outer REE-
richer area. Studies examining the effects of fluids on 
experimentally metasomatised monazite grains have 
found that fluids rich in strong acid ions, eg. F-, will 
promote monazite dissolution (Hetherington et al. 
2010). Also, the presence of F in hydrothermal fluids, 
even at low concentrations, has been shown to increase 
the solubility of  REE (Hetherington et al. 2010). This 
would suggest that the proposed REE-rich fluids re-
sponsible for dissolution and subsequent re-
precipitation of the monazite were F-bearing. Poitras-
son et al. (1996) has previously reported that chloriti-
sation of biotite results in the release of F into hyd-
rothermal fluids. The observation of biotite showing 
some signs of chloritisation in this thin section, as well 
as the severe chloritisation of biotite observed in seve-
ral of the other thin sections (Fig. 18),  would seem to 
support this interpretation and suggests a significant 
source of F. The dissolution of the Th-rich core and 
subsequent reprecipitation of the outer area  is sugges-
ted to have involved the replacement of Th and Ca for 
Y and REE in the crystal structure, according to the 
brabantite substitution mechanism, Th  + Ca = 2(Y + 
REE) (eg. Zhu & O’Nions 1999; Spear & Pyle 2002).  
 The closeness of the ages calculated for the Th-
rich area (an12) and surrounding REE-richer area 
(an15) of 1770 ± 21 Ma and 1776 ± 28 Ma, respective-
ly (Table 3), supports the interpretation of episodic 
growth from the same fluid event. The calculated ages 
are comparable to those of the 1.81-1.76 Ga Småland-
Värmland Belt (Larson & Berglund 1992), suggesting 
that alteration was caused by fluids associated with the 
Småland granites. 
 
OLR 4-4G: Although showing significant error, the 
calculated age of 1927 ± 72 Ma for the lighter rim area 
(An9) of the monazite grain at OLR 4-4G, suggests 
that it was most likely not precipitated by fluids asso-
ciated with the 1650 -1850 Ma TIB granite intrusions 
(Sultan & Plink-Björklund 2005) (Fig. 42e; Table 3). 
The obtained age also suggests that the monazite may 
even have been formed before deposition of the Väs-
tervik metasediments occurred between 1.88 – 1.85 Ga 
(eg. Beunk & Page 2001). The monazite age is, howe-
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ver, comparable to that of crustal rocks in the southern 
Svecokarelian calculated to be 1.9 – 1.86 Ga 
(Gorbatschev & Bogdanova 1993). Therefore, these 
observations may be interpreted as suggesting that the 
lighter area of the monazite at OLR 4-4G is the rem-
nant of an older grain and quite possibly detrital. The 
chondrite normalised REE diagram for this monazite 
would be expected to show variation in distribution 
patterns between the older remnant and the surroun-
ding area, suggesting different source material, if the 
older remnant is in fact detrital (Zhu & O’Nions 
1999). However the observation of very similar REE 
distribution patterns (Fig 43b), casts some doubt on 
this interpretation. A possible source in a “non-detrital 
origin” interpretation for this older remnant may have 
been the intrusion of the c. 1.85 Ga Askersund Suite 
into the metasediments (Sultan & Plink-Björklund 
2006), which falls just outside the error range calcula-
ted for the obtained age. However due to the conside-
rable error associated with the obtained age of the mo-
nazite, all conclusions of the source material should be 
considered speculatory. 
 A younger age of 1723 ± 57 Ma yielded by the 
surrounding area suggests that the older monazite has 
suffered dissolution (Table 3). The age obtained for 
this area is interpreted to indicate the younger 1.81–
1.76 Ga Småland granites (Larson & Berglund 1992) 
as the source material. U-Pb zircon dating on migmati-
te and metavolcanic samples taken in the Västervik 
area has been interpreted to suggest that a hydrother-
mal overprint, probably caused by TIB intrusions, oc-
curred around 1710 Ma (Page et al. 1999). Given the 
comparable ages, alteration of the monazite at OLR 4-
4G may well be further evidence of this hydrothermal 
overprint. 
 Microprobe analysis results showing signifi-
cantly high Th in the light central area of the monazite 
(Fig. 42e,f; Table 6), may be interpreted in a similar 
way to that described previously for OLR 4-4B ie. 
initial precipitation involving Th-rich fluids followed 
by subsequent dissolution-reprecipitation involving 
REE-rich fluids. The similar ages yielded by these two 
monazites  would seem to suggest  common fluid sour-
ces from the same thermal event. Although the consi-
derably younger age obtained for the Th-rich central 
area of 1367 ± 16 Ma doesn’t support this interpreta-
tion, it is suggested that this young age is the result of 
Pb loss due to structural degradation associated with 
metamictic processes (pers. com. Johansson 2014). 
Metamict domains have previously been found to sys-
tematically yield highly discordant analyses due to 
radiogenic Pb loss.  
  
OLR 2-1K: Brabantite substitution is also interpreted 
to have occurred during recrystallisation of an obser-
ved disseminated, fine-grained monazite grain located 
in a chloritised biotite vein at OLR 2-1K (Fig. 42c,d). 
The high-Th core is once again interpreted to have 
formed from Th-rich fluids. Dissolution of the initial 
monazite by REE-rich, F-bearing fluids and subse-
quent re-precipitation involved brabantite substitution, 
with Y+REE replacing Th+Ca, resulting in the 
Fig. 57: Correlation between Th+U and Ca+Si in monazite showing core/rim zonation. Note that Th+U* value includes Pb as 
all Pb in these samples is interpreted as radiogenic. The positive correlation between these elements suggests that brabantite 
and huttonite substitution is an important mechanism during monazite formation in the analysed samples. All values in wt%. 
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Y+REE-richer outer area (Spear & Pyle 2002). The 
chloritised biotite vein setting for this monazite would 
suggest fluids significantly enriched in F (Poitrasson et 
al. 1996). The observation of flourite in this thin sec-
tion supports this interpretation. Previous studies have 
also reported the association between chloritisation 
and brabantite substitution in monazite (Poitrasson et 
al. 1996).  
 Similar ages of 1756 ± 27 Ma and 1757 ± 32 
Ma calculated for the core (an25) and surrounding area 
(an26), respectively (Table 3), suggest that the obser-
ved compositionally-zoned monazite was formed from 
the same fluid event, interpreted to have been associa-
ted with intrusion of the 1.81–1.76 Ga Småland grani-
tes (Hoeve 1974; Larson & Berglund 1992). This in-
terpretation is supported by a study by Drake et al. 
(2009), reporting that some fracture fills in granites in 
the Simpevarp area (c. 50 km south of Olserum) were 
formed from thermal events in the >1.75 Ga late Sve-
cokarelian orogeny. Comparable ages to those yielded 
from monazites at OLR 4-4B and OLR 4-4G, as well 
as similar chemical zonation, suggests that the same 
thermal/fluid event was involved. The very similar 
distribution patterns shown in the chondrite normali-
sed REE diagram support the interpretation of a com-
mon source for both analysed areas in this zoned mo-
nazite (Fig. 43a). 
 
OLR 4-4R: The Low Th and high Nd/La ratios (Table 
5), indicate that the monazite grain most probably 
grew from the host apatite as a result of fluid-induced 
dissolution-reprecipitation processes (Harlov & Förs-
ter 2002). This is also indicated by the crystallographi-
cally orientated nature of this and other monazite inc-
lusions in the host apatite (Fig. 31), suggesting forma-
tion along grain boundaries (Harlov 2011). Micropro-
be analysis, indicating an inner area with higher Nd 
and Sm, and an outer, LREE-depleted area enriched in 
U and Y (Table 6; Fig. 44a,d), may suggest a recrystal-
lisation event involving U- and Y-enriched fluids and 
leaching of LREE. Efficient transport of U and lea-
ching of LREE would suggest that fluids may have 
been F-bearing (Janeczek & Ewing 1992; Hethering-
ton et al. 2010), with chloritisation of  abundant biotite 
being a potential source of F (Poitrasson et al. 1996). 
The UO2 content of 1.1 wt% can be interpreted as 
significant regarding future mining of the resource and 
associated environmental considerations.  
 Significant variation in the distribution pattern 
of LREE between the two analysed areas, shown in the 
chondrite normalised REE diagram, are interpreted to 
possibly suggest separate sources for the fluids invol-
ved with monazite growth of the two zones. 
The obtained age of 1691 ± 49 Ma suggests that disso-
lution/re-precipitation occurred in association with 
TIB granite intrusions (Sultan & Plink-Björklund 
2006; Gavelin 1984) (Table 3), and more specifically 
with the hydrothermal overprint around 1710 Ma pro-
posed by Page et al. (1999). The age calculated for the 
proposed older, original monazite inclusion was di-
scarded due to very high error. 
 
OLR 2-9 C2: The calculated age of 1755 ± 38 Ma 
(Table 3), for the monazite inclusion at OLR 2-9 C2 
suggests precipitation from fluids associated with the 
1.81–1.76 Ga Småland granites (Larson & Berglund 
1992). The close association between monazite and 
uraninite, as well as monazite’s high-U content, also 
suggests a possible common fluid source. Monazite 
formation with the host apatite as the parent material, 
as proposed by Harlov (2011), is considered unlikely 
in this case due to the high U content and observation 
of similar inclusions in the amphibole groundmass. 
Textural evidence suggests instead that monazite for-
mation occurred first and was followed by apatite for-
mation (Fig. 42h). It is noteworthy that closely associ-
ated, fine-grained monazite and uraninite  also occur 
abundantly as inclusions in amphibole in this thin sec-
tion, and cause radiation haloes in the host mineral 
(Fig. 28). This suggests that monazite with relatively 
high U content may possibly occur in significant 
amounts elsewhere in the metasediments. 
 
OLR 4-4J2: Clear textural differences, such as a con-
centrically zoned core overprinted by a discordant pat-
chy zoned texture, suggests two separate generations 
of fluids have formed the monazite at OLR 4-4J2 (Fig. 
42i). The effects of fluid alteration are shown clearly 
by the lighter altered areas in the BSE image. An asso-
ciation between fractures and the lighter altered areas 
suggests that fluids infiltrated along fractures, resulting 
in dissolution and subsequent recrystallisation of exis-
ting monazite. This interpretation is supported by the 
microprobe analysis which shows significant variation 
in Y and LREE between the darker areas (an10) and 
lighter altered discordant zone (an11) (Table 6). It is 
suggested that F-bearing fluids enhanced the mobility 
of REE and Y (Poitrasson et al. 1996; Hetherington et 
al. 2010), resulting in leaching of these elements from 
the original monazite (darker areas). Subsequent re-
precipitation involving the Y = REE substitution me-
chanism, resulting from the preferential selection of 
LREE over Y in the monazite crystal structure (Spear 
& Pyle 2002), resulted in the LREE-richer lighter are-
as. Although an interpretation of a later fluid alteration 
event resulting in the lighter areas is proposed, the 
chondrite normalised REE diagram shows very similar 
distribution patterns for these areas (Fig. 43d). These 
results may be interpreted to suggest that a common 
thermal event produced episodic pulses of fluids. 
 The high error shown by the age calculations 
for this monazite eg. 1863 ± 226 Ma (an10) (Table 3), 
suggest caution should be applied when interpreting 
it’s age. However based on the large size of this mona-
zite, as well as previous studies linking monazite grain 
size to high fluid activity and high grade meta-
morphism (eg. Rubatto et al. 2001), it can be tentative-
ly interpreted to have formed near peak metamorphic 
conditions.  
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OLR 3-2I: The negative correlation between Th+Si 
and REE shown in the microprobe analysis of the mo-
nazite at OLR 3-2I suggests the involvement of hutto-
nite substitution (Table 5). The substitution mecha-
nism is interpreted as the result of the dissolution of 
the original monazite by Th-bearing Si-rich fluids, 
leaching of REE and subsequent replacement of Th 
and Si in the vacated sites of the crystal structure 
(Spear & Pyle 2002). The presence of REE-bearing 
ThUSi inclusions in the altered area also suggests the 
involvement of Si-rich fluids. If these inclusions were 
originally thorite that have undergone metamictisation 
and hydration in response to interaction with Si-rich 
fluids, they would be an alternative source for the Th 
observed in the altered monazite. Förster (2005) also 
observed that such a process can be accompanied by a 
loss of radiogenic Pb, which would explain the presen-
ce of fine-grained galena in the lighter area. 
 The age obtained for the lighter area of 1457 ± 
63 Ma is interpreted to be much younger than that of 
the original “skeletal” monazite relic, supporting an 
interpretation of infiltration of fluids associated with a 
separate event. However the similar distribution pat-
terns between the dark and light areas shown in the 
chondrite normalised REE diagram for this monazite 
don’t offer any further support for this interpretation. 
In a study by Söderlund et al. (2002), ion microprobe 
U–Th–Pb analyses of overgrowths and recrystallised 
domains of primary zircons taken from orthogneisses 
in the Eastern Segment of the 1.2-0.9 Ga Sveconorwe-
gian orogen, SW Sweden, yielded ages of 1.46-1.42 
Ga. The formation of secondary zircon was interpreted 
by Söderlund et al. (2002) to be associated with a 
1.46–1.42 Ga period of thermo-magmatic activity co-
inciding with the Hallandian orogeny, originally defi-
ned by Hubbard (1975). An association between frac-
ture mineralisations in the Simpevarp area to thermal 
events associated with a 1.47-1.44 Ga period of mag-
matic activity was also reported by Drake et al. (2009). 
In their study Drake et al. (2009) related mineral para-
geneses in these fractures to the Götemar granite and 
Uthammar granites, yielding U–Pb zircon ages of 
1452+11/−9 Ma and 1441+5/−3 Ma, respectively 
(Åhäll, 2001). The comparable age of the Götemar 
granite, located about 50 km to the south of Olserum, 
therefore suggests a possible fluid source for the mo-
nazite at OLR 3-2I.  
 
OLR 3-2H: Textural observations for this monazite are 
similar to those at OLR 4-4J2, with a concentrically-
zoned monazite overprinted by patch-zoned alteration 
(Fig. 42l). Initial precipitation of high-LREE monazite 
was interpreted to have been followed by infiltration 
of Th- and Si-rich fluids that caused dissolution of the 
original monazite grain. Subsequent recrystallisation is 
suggested by the microprobe analysis to have involved 
replacement of Y+REE and P in the crystal structure 
with Th and Si, according to the huttonite substitution 
mechanism, Th + Si = (Y + REE) + P (Spear & Pyle 
2002). It is interpreted that depletion of Th and Si in 
the fluids resulted in the concentric zonation observed 
in the BSE image, and shown also in the LREE-rich 
monazite composition of the outer area (an16) (Table 
5).  
 Ages obtained for the dark core (an15) and the 
concentrically-zoned, outer area (an16) were disregar-
ded due to high error, however the age for the lighter 
areas (an14) of  1720 ± 46 Ma suggests the involve-
ment of fluids associated with the 1.81–1.76 Ga Små-
land granites (Larson & Berglund 1992) (Table 3). It 
also adds further support for the hydrothermal over-
print around 1710 Ma proposed by Page et al. (1999). 
 Similar distribution patterns for the dark core 
area (an15), surrounding lighter area (an14) and the 
concentrically-zoned outer area (an16) in the chondrite 
normalised REE diagram suggest a common source for 
the fluids involved (Fig. 43a). Therefore formation and 
the observed zonation of this monazite may be inter-
preted as being the result of the infiltration of successi-
ve pulses of fluids produced by intrusion of the Små-
land granites.  The similarity in ages between the Th-
rich alteration area in this monazite and the Th-rich 
core of the monazite at OLR 2-1K, with a calculated 
age of 1756 ± 27 Ma, may be interpreted to suggest 
that a common fluid event was responsible (Table 3). 
 
OLR 2-1J2: Although the age obtained for the core 
area (an23) of the monazite at OLR 2-1J2 (Table 3; 
Fig. 42m) has been disregarded due to high error, the 
age obtained for the rim area of 1960 ± 80 Ma may 
indicate a detrital origin for this grain. The suggested 
source of this proposed detrital monazite would most 
likely be the 1.90-1.85 Ga southern Svecokarelian 
(Beunk & Page 2001).  
 It can be speculated that the variation in REE 
distribution patterns, especially regarding HREE, 
shown in the chondrite normalised REE diagram for 
this monazite indicates different sources were involved 
in formation of the inner and outer areas.  Zhu & 
O’Nions (1999) has in fact previously reported that 
concentric zoning in monazite may represent over-
growth around a detrital portion. Textural evidence, 
such as the highly fractured and degraded appearance 
of the grain, may also support a similar conclusion.  
 However, the concentric zoning observed in 
this monazite can also be interpreted to suggest a pro-
tracted growth period during thermal event(s) (Zhu & 
O’Nions 1999). Such an interpretation, based on varia-
tions in chemical composition observed in the core and 
rim areas, could suggest that initial crystallization cau-
sed depletion of LREE in fluids and was then subse-
quently followed by crystallization involving brabanti-
te substitution. This interpretation is supported by the 
microprobe analysis results showing a negative Th+Ca 
and LREE correlation between the two analysed areas 
(Spear and Pyle 2002).  
 
OLR 4-4M: The large monazite relic inclusion in 
apatite at OLR 4-4M (Fig. 42n) is interpreted to have 
undergone recrystallisation. The lighter areas shown in 
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the monazite are suggested to have been formed by the 
infiltration of F-bearing fluids along fractures, resul-
ting in the dissolution and leaching of Y+REE 
(Poitrasson et al.1996; Hetherington et al. 2010). Sub-
sequent recrystallisation of monazite, involving the 
preferential placement of LREE over HREE in the 
crystal structure (Spear & Pyle 2002), is interpreted to 
have resulted in the LREE-richer lighter area. Obser-
ved interstitial xenotime may be associated with the 
dissolution of monazite, however observed fluid alte-
ration of the large xenotime inclusion is a more logical 
source. 
 The age yielded by the darker area of monazite 
(Fig. 42n) of 1804 ± 56 Ma, is very close to 1803 ± 7 
Ma yielded by U-Pb zircon dating of the Gersebo gra-
nite  (Åhäll 2001), suggesting a possible fluid source  
(Table 3). The lighter areas of the monazite, eg. an24, 
showing an age of 1463 ± 48 Ma, is interpreted to re-
present later fluid alteration of the monazite. The pre-
viously mentioned findings of Drake et al. (2009), 
linking fracture mineralisations at Simpevarp to ther-
mal events associated with the 1.47-1.44 Ga 
“Danopolonian orogeny”, are interpreted as a possible 
explanation for the alteration of the monazite seen at 
OLR 4-4M. Intrusion of the relatively close c. 1452 
Ma Götemar granite is therefore put forward as a po-
tential source of fluids for this alteration. Although 
showing substantial error, this interpretation is also 
supported by the age obtained for the fluid-altered 
xenotime occurring as an inclusion in the monazite.  
 However, the roughly similar distribution pat-
terns between the dark and light areas, shown in the 
chondrite normalised REE diagram (Fig. 43h), do not 
provide any further evidence to support the interpreta-
tion of different sources for the monazite-precipitating 
fluids. The large negative anomaly shown for Ho in 
the lighter area (an24) is interpreted to be due to valu-
es reaching the detection limit for this element (pers. 
com. Konečný 2014). 
 
OLR 1-3 C2: The heterogenous appearance of the 
core area and concentric zonation of the outer area of 
one of the monazites at OLR 1-3C2 suggests complex 
fluid alteration processes have occurred (Fig. 42o). 
Based on the microprobe analysis, these fluids are in-
terpreted to have been Th-, U- and Y-bearing and as-
sociated with the leaching of LREE from the core. 
Subsequent recrystallisation resulted in the higher U 
and Y observed in the outer area (an15). A decrease in 
LREE suggests that these elements were removed in 
solution. This mobility of LREE is interpreted to indi-
cate an efficient transport mechanism, which most 
likely indicates the involvement of fluids with a signi-
ficant F content (Poitrasson et al. 1996; Hetherington 
et al. 2010).  
 The overlap in error limits for the ages obtained 
for one monazite grain ie. 1420 ± 190 Ma (an14) and 
1240 ± 75 Ma (an15), suggests a common source was 
involved in their formation (Table 3). The age of 1870 
± 91 (an16) obtained for the other analysed monazite 
suggests a separate source, which may be interpreted 
to be either the 1825 Ma Lofthammar granites of the 
TIB or 1.85 Ga Askersund suite (Kleinhanns et al. 
1999, Beunk & Page 2001). Textural evidence seen in 
the BSE image, such as polygonal grain shape, sug-
gests that the monazite has a metamorphic source and 
rules out a detrital interpretation (Winter 2010). Altho-
ugh the age obtained for the dark core (an14) shows 
high error it suggests a possible association with the 
previously mentioned 1.46-1.42 Ga Hallandian oroge-
ny, with alteration-associated fluids being generated 
by the “younger granites” eg. Götemar granite (Åhäll 
2001).  
 Although showing some variation in HREE 
content between the two observed grains, the chondrite 
normalised REE diagram for this monazite shows 
roughly similar distribution patterns and is therefore 
interpreted as inconclusive (Fig. 43i). 
 
4.2 Xenotime 
Compositional zonation in xenotime is interpreted to 
suggest crystal growth in a fluid-rich environment 
(Harlov & Förster 2003), and is generally due to varia-
tions in Y and HREE (Spear & Pyle 2002). Such zona-
tion, forming for example darker cores and lighter 
rims, was often observed in xenotime in this study and 
generally reflected variations in Y and HREE content 
obtained in microprobe analysis (Table 8). The positi-
ve correlation between Th+U and Ca+Si observed in 
monazite in this study was largely lacking in xenotime, 
with a generally non-linear relationship observed bet-
ween these elements (Fig. 58). Although huttonite 
substitution was interpreted to occur in a minor way, 
eg. OLR 1-3U, the microprobe analysis results suggest 
that brabantite and huttonite substitution were not of 
considerable importance regarding xenotime crystalli-
zation.    
 However, the clear negative correlation obser-
ved between Y and REE in the samples suggests the 
importance of the Y = REE substitution mechanism in 
the formation of xenotime (Fig. 59). The REE-
enrichment and Y-depletion in rims of several analy-
sed xenotime grains, for example at OLR 1-3P, is in-
terpreted to have been the result of fluid-associated 
recrystallisation involving this mechanism (Fig. 47 
a,b,c). Similar observations regarding these substitu-
tion mechanisms in xenotime were also observed by 
Spear & Pyle (2002).   
 The coffinite substitution mechanism, U + Si = 
(Y+REE) + P (Zhu & O’Nions 1999; Spear & Pyle 
2002), is also interpreted to have been involved with 
fluid alteration of xenotime. For example the light-
coloured, (U+Si)-rich and (Y+REE)-poor rim (an1) 
surrounding a UPb inclusion in xenotime at OLR 3-2F 
(Fig. 50e), is interpreted to have been formed as a re-
sult of the infiltration of Si-rich, F-bearing fluids along 
the boundary of the UPB inclusion and dissolution of 
the host xenotime. Subsequent leaching of U from the 
uraninite is suggested to have resulted in Y+REE and 
P being substituted for U and Si in the crystal lattice of 
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xenotime, according to the above substitution mecha-
nism (Förster 2006; Hetherington & Harlov 2008; Har-
lov 2011).  
 Previous studies have suggested the existence 
of a xenotime-thorite intermediate solid solution (eg. 
Förster 2006). The solid solution is interpreted to re-
sult from the interaction of xenotime and other acces-
sory phases with F-bearing hydrous fluids, leaching of 
Th, Y+HREE and U, and subsequent reprecipitation of 
secondary minerals (Förster 2006). A similar process 
is suggested to have occurred at several of the loca-
tions observed in this study, eg. OLR 2-1E (Fig. 45j). 
For a more detailed explanation see the following sec-
tion on U-minerals. 
 Electron microprobe dating of xenotime is pro-
blematic and often results in large error (pers. com. 
Konečný 2014). This is mainly due to the generally 
low Th content in xenotime increasing the uncertainty 
in calculations (Cocherie 2007). Although that was 
generally the case in this study, resulting in a large 
portion of the results being disregarded, the error of 
many ages obtained was interpreted as acceptable, and 
these provided valuable insight into the timing of fluid 
alteration and the possible connection with known 
magmatic events in the area (Table 4). It may be spe-
culated that all of these accepted ages suggest that xe-
notime grains, including both core and rim, have a 
source in fluids associated with the 1.85-1.65 Ga TIB 
granites (Sultan & Plink-Björklund, 2006). Several of 
the ages may also be interpreted to show a connection 
with the c.1710 Ma hydrothermal overprint, proposed 
by Beunk and Page (2001). However some ages obtai-
ned, although showing considerable error, may be in-
terpreted to indicate that the hydrothermal fluids invol-
ved with xenotime formation had other sources, such 
as the c. 1.85 Ga Askersund Suite (Sultan & Plink-
Björklund 2006) and c. 1452 Ma Götemar granite 
(Åhäll 2001). Several of the xenotime that yielded 
large age variations between core and rim also exhibit 
significant textural and chemical compositional varia-
tion between these areas, suggesting that separate fluid 
events were involved. Therefore, although large error 
suggests some caution before making conclusions ba-
sed on the obtained xenotime ages, it seems acceptable 
to make speculations about separate sources of fluids 
having been involved in xenotime formation.  
 Xenotime showed generally accepted distribu-
tion patterns in the chondrite normalised REE dia-
grams, with steeply positive slopes in the LREE, gent-
ly positive slopes in the MREE and a levelling out in 
the HREE (Spear & Pyle 2002). However the observed 
variation in the distribution patterns of HREE for some 
xenotime grains may indicate different sources for 
core and rim areas. For example the xenotime at OLR 
1-3P showing significantly different HREE distribu-
tion patterns, as well as large textural differences, bet-
ween the “spongy” inclusion-rich core2 (an3) and ligh-
ter surrounding rim2 (an4), certainly suggests forma-
tion from separate fluid events and possibly entirely 
different sources (Fig. 45e). However, once again due 
to the large error associated with the yielded ages, 
such interpretations remain for the most part specula-
tory.  
 
OLR 1-3C: The darker inclusion-rich cores and lighter 
homogenous rims, observed in xenotime inclusions in 
apatite at OLR 1-3C, are interpreted to be the result of 
dissolution of the outer area of xenotime by fluids and 
leaching of REE from the core (Fig. 45b). This process 
resulted in the observed depletion in Y and enrichment 
in HREE according to the Y=REE substitution mecha-
nism (Spear & Pyle 2002). The fluids involved were 
most likely F-bearing which, as mentioned previously,  
would have enhanced the solubility of REE and thus 
increased leaching (eg. Poitrasson et al. 1996; Hethe-
rington et al. 2010). The preference of HREE over 
LREE in the crystal structure of xenotime is suggested 
to explain why increases were only observed in HREE 
(Spear & Pyle 2002) (Table 8).   
 Although the obtained ages of 1681 ± 146 Ma 
(an12) and 1711 ± 140 Ma (an13) showed substantial 
error (Table 4), they may be interpreted to indicate 
possible formation from fluids associated with the 
1850-1650 Ma TIB granites. The ages also indicate 
possible association with the hydrothermal overprint 
proposed by Page et al. (1999) to have occurred 
around 1710 Ma, as a result of TIB intrusions. 
 
OLR 1-3F2: The depletion of Y and enrichment of 
LREE and HREE observed in the rim areas of the xe-
notime at OLR 1-3F2 is interpreted to indicate the in-
volvement of the substitution mechanism Y = REE 
(Spear & Pyle 2002) (Table 8). It is suggested that the 
infiltration of F-bearing fluids has resulted in the dis-
solution of the xenotime core areas. Subsequent repla-
cement of Y for REE in the vacated Y position, accor-
ding to the above mechanism, resulted in the REE-
enriched rims. It is noteworthy that this mechanism 
resulted in increased placement of the non-preferred 
LREE into the crystal structure of xenotime. A possib-
le explanantion is that the fluids causing the alteration 
were extremely LREE-rich.  
 
OLR 1-3P: The significant decrease in Y and increase 
in REE, especially LREE, in the xenotime at OLR 1-
3P suggests that fluid alteration resulted in the replace-
ment of Y with REE in the crystal structure, according 
to the Y = REE substitution mechanism (Spear & Pyle 
2002) (Fig. 45e; Table 8). As observed at  OLR 1-3F2 
(Fig. 45c), fluid alteration resulted in significant en-
richment in LREE, suggesting the fluids were extre-
mely LREE-rich. A high mobility of LREE would also 
suggest a high F content in the alteration fluids.  
 Textural evidence suggests separate fluid 
events were involved in formation of the xenotime  
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Fig. 58: Correlation between Th+U and Ca+Si in xenotime showing core/rim zonation. All values in wt%. The non-linear rela-
tionship between these elements suggests that the brabantite and huttonite substitution mechanisms were not as important for 
xenotime formation as was previously shown for monazite. 
Fig. 59: Clear negative correlation between Y and REE for the xenotime samples suggests that the Y = REE substitution mecha-
nism was an important process for xenotime formation. All values in wt%. 
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(Fig. 45e). The inclusion-rich core area shows patchy 
zoning into lighter and darker areas, suggesting early 
fluid alteration. Obvious textural differences, between 
the “spongy” inclusion-rich core2 (an3) and homoge-
nous surrounding rim2 (an4), suggest xenotime forma-
tion involved separate fluid events. A narrow, light, 
concentrically zoned area around the core most likely 
represents a later, separate fluid event. Also,  the mar-
gin of the core area (an1) is deeply embayed sugges-
ting dissolution of a pre-existing xenotime grain (Zhu 
& O’Nions 2002). 
 An interpretation of separate fluid events is 
supported by the chondrite normalised REE diagram 
for this xenotime, which shows significantly different 
HREE distribution patterns between the core and rim 
areas indicating that the fluids involved were possibly 
associated with different sources (Fig. 46b). However 
age calculations have too high error to be considered 
reliable and therefore offer no conclusive evidence to 
support this interpretation (Table 4).    
 
OLR 1-3U: The variation in wt% between different 
zoned areas suggests the involvement of fluids with 
varying composition and the possible involvement of 
substitution mechanisms (Table 8). The depletion of Y 
and enrichment of HREE between the darker (an23) 
and lighter (an24) areas most likely indicates the in-
volvement of the Y = REE substitution mechanism, 
where HREE have replaced Y in the xenotime crystal 
lattice during the recrystallisation process. Also, the 
depletion of U, Th and Si and enrichment of Y+HREE 
and P between lighter (an22) and darker (an23) areas 
indicates the involvement of the coffinite and/or hutto-
nite substitution mechanisms. Calculated ages are in-
terpreted as unreliable due to high error, however the 
age obtained from an22 of 1672 ± 176 Ma may be 
interpreted to suggest a possible association with TIB 
granites (Table 4). 
 
OLR 2-1E: The existence of two different textural 
zones, an inner inclusion-rich, patchy-zoned area and 
an outer, more homogenous, concentrically-zoned 
area, strongly suggests two separate fluid events have 
formed this xenotime (Fig. 45i). Patchy zoning in the 
inner area suggests the early infiltration of fluids and is 
represented by the lighter areas in the BSE image. The 
enrichment in U and Si and depletion in Y+HREE and 
P in these lighter areas (Fig. 45i; Table 8), suggests 
involvement of the coffinite substitution mechanism, 
U + Si = (Y+REE) + P (Zhu & O’Nions 1999; Spear 
& Pyle 2002). It is interpreted that U-bearing Si-rich 
fluids infiltrated along fractures of the xenotime grain 
and caused dissolution of the darker areas of the xeno-
time. Subsequent recrystallisation involved the repla-
cement of Y+HREE and P, with U and Si in the crystal 
lattice (Zhu & O’Nions 1999; Spear & Pyle 2002), 
represented by the lighter areas in the BSE image. It is 
suggested that a separate fluid event then caused disso-
lution and recrystallisation, resulting in the outer con-
centrically-zoned rim area. Previous studies suggest 
that concentric zoning may indicate crystal growth in a 
fluid (eg. Zhu & O’Nions 1999). The similar chemical 
composition of this outer area to the darker “core” area 
suggests that coffinite substitution also occurred du-
ring the later fluid alteration event. However in this 
case the substitution mechanism was reversed, resul-
ting in loss of U and Si in solution. The higher mobili-
ty of U over REE suggests that the fluids were F-
bearing (eg. Langmuir 1978;  Janeczek & Ewing 
1992).  
 Based on the observed chemical composition, 
the ThUSi mineral inclusions are interpreted as inter-
mediate thorite-coffinite solid solutions resulting from 
infiltration of fluids and subsequent dissolution-
reprecipitation processes (Förster 2006; Hetherington 
2005), see U-minerals section. The lack of these inclu-
sions in the outer concentrically-zoned area supports 
the interpretation of two generations of xenotime. The 
presence of ThUSi minerals also indicates that infiltra-
ting Si-rich fluids were also Th- and U-bearing. The 
observed radial fracturing in the xenotime host is sug-
gested to be associated with volume expansion of the-
se inclusions, caused by a high content of impurities, 
which is common in thorite (Förster 2006).  
 The age of 1819 ± 75 Ma obtained for the ligh-
ter area (an15) may be interpreted to suggest  involve-
ment of fluids associated with intrusion of either TIB 
granites (eg. Kleinhanns et al. 1999, Beunk & Page 
2001) or the c. 1.85 Ga Askersund Suite into the meta-
sediments (Sultan & Plink-Björklund 2006).  
The difference in ages between that obtained from 
an15 and 1718 ± 154 Ma, obtained for the outer con-
centrically-zoned rim, may be suggested to support the 
above ”two xenotime generation” interpretation. Ho-
wever the large error overlap of these ages also sug-
gests a possible common source. The age for the dar-
ker “core” area was disregarded due to extreme error 
(Table 4). 
 
OLR 2-1K: The BSE image of this xenotime suggests 
three different textural zones: an inner inclusion-rich 
core showing alteration, a concentrically-zoned sur-
rounding area and an outer rim. This textural evidence 
suggests that progressively younger generations of 
xenotime were formed by separate fluid events. The 
Th-, Ca and Si-rich content of the central monazite 
inclusion observed in this xenotime most likely indica-
tes the involvement of huttonite and/or brabantite sub-
stitution (Spear & Pyle 2002) (Fig. 45m). Textural 
evidence, such as embayed margins, indicates that the 
xenotime core has undergone dissolution caused by the 
infiltration of fluids. Concentric, inclusion-free zoning 
observed around the core area, suggesting later crystal 
growth in fluids (Zhu & O’Nions 1999) also supports 
this interpretation. A significant increase in U content 
observed in the dark outer area (an28) is interpreted to 
indicate that alteration of the core involved U-bearing 
fluids (Table 8; Fig. 47d). Depletion in Y and enrich-
ment in REE from the core to the surrounding dark 
area is interpreted to be involve, at least partially, the 
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Y = REE substitution mechanism (Spear & Pyle 
2002). 
 The age of  1662 ± 95 Ma obtained for  the 
homogenous, lighter outer area (an28) suggests a fluid 
event associated with the 1.85-1.65 Ga TIB granite 
(Gavelin 1984; Sultan & Plink-Björklund 2006) (Table 
4). Although the age of 1384 ± 176 Ma obtained for 
the darker outer area (an30) may be interpreted to sug-
gest a younger fluid event, this age is deemed unreli-
able due to the observed large error. 
 
OLR 2-9A: The compositional zonation observed in 
the xenotime inclusions in amphibole at OLR 2-9A 
(Fig. 45n),  represent large variations in U, Y and 
HREE. Y-enrichment and HREE-depletion in the dark 
rim (an2), compared to the light core (an1), is once 
again interpreted to be a result of the Y = REE substi-
tution mechanism (Table 8; Fig. 47a,c,d). Enrichment 
in U+Si and depletion in Y+REE+P in the lighter area 
(an4), compared to the darker core (an3), is interpreted 
to indicate alteration of the core by U-bearing Si-rich 
fluids and involvement of the coffinite substitution 
mechanism (Spear & Pyle 2002).  
 The age obtained for an2 of 1662 ± 95 Ma 
(Table 4), suggests that fluid alteration is associated 
with the 1.85-1.65 Ga TIB granite intrusion (Gavelin 
1984; Sultan & Plink-Björklund 2006), and also pos-
sibly to the 1710 Ma thermal event proposed by Page 
et al. (1999). The closeness in the ages obtained for the 
core and rim areas of this xenotime suggests that a 
common fluid event was involved in it’s formation 
(Table 4). 
 
OLR 4-4T: The observed variation in chemical com-
position between the two areas, an16 and an17, in the 
xenotime at OLR 4-4T may indicate the combined 
involvement of coffinite substitution and Y = REE 
substitution mechanisms under consecutive fluid 
events (Fig. 45o). Pulses of granite intrusions associa-
ted with the TIB have previously been suggested by 
several authors (eg. Hoeve 1974). It can be speculated 
that the infiltration of F-bearing fluids caused dissolu-
tion of the host monazite, effective leaching of REE 
and minor Y (Janeczek & Ewing 1992), and subse-
quent reprecipitation of xenotime involving Y = REE 
substitution. Subsequent alteration involving U-
bearing, Si-rich fluids is interpreted to have involved 
coffinite substitution and resulted in the high U con-
tent observed in the xenotime. Dissolution and altera-
tion of uraninite, resulting in the observed secondary 
UPb mineral, may well have been a source of U for 
this process. An age of 1637 ± 46 Ma for an17 is con-
sidered reliable for the timing of the fluid event and 
suggests association with an early TIB granite intru-
sion (Table 4).  
 
OLR 4-4M: A Y-depleted and HREE-enriched zone, 
represented by the lighter, outer area of the xenotime 
shown in the BSE image, is interpreted to indicate 
involvement of the Y = REE substitution mechanism 
(Spear & Pyle 2002). Textural observations from the 
BSE images, together with microprobe analysis re-
sults, can be interpreted to suggest that the observed 
xenotime is a result of separate fluid events, similar to 
that previously interpreted at OLR 2-1E and 2-1K 
(Fig. 45q; Table 8). It can be speculated that initial Si-
rich, F-bearing fluids, infiltrated along fractures in the 
host monazite, resulting in alteration of the original 
xenotime inclusion. Based on the observed Y-
depletion and REE-enrichment of the outer area 
(an21), this alteration is interpreted to have involved 
the Y = REE substitution mechanism (Table 8).  
 Significant variation in HREE distribution pat-
terns between the core and rim, shown in the chondrite 
normalised REE diagram, can be interpreted to indica-
te separate fluid events associated with different sour-
ce material (Fig. 46c). However, the obtained ages are 
deemed unreliable due to substantial error and therefo-
re cannot support this interpretation (Table 4). 
 
4.3 Apatite 
Apatite, Ca5(PO4)3(OH,F,Cl), is a common mineral in 
metamorphic rocks of widely varying bulk composi-
tion, including metapelites, and can be found in all 
metamorphic grades (Spear & Pyle 2002).  
 F partitions into apatite much more strongly 
than Cl when the mineral is of metamorphic origin, 
resulting in most metamorphic apatite being found as 
fluorapatite. This predominance of fluorapatite was 
reflected in the microprobe analysis of apatite in the 
samples (Table 10). Apatite composition is also belie-
ved to reflect fluid composition in high fluid/rock en-
vironments such as the skarny ore deposits at Olserum, 
suggesting that the F content of fluids is a governing 
factor for the occurrence of apatite (Spear & Pyle 
2002). The above observations would suggest that the 
presence of abundant fluorapatite observed in this stu-
dy is the result of infiltration of F-bearing fluids, rich 
in dissolved elements such as Ca and P, into the meta-
sediments. This hydrothermal origin for apatite at Ol-
serum has previously been suggested by Bachmann et 
al. (2013).  
 The apatite at Olserum was initially a signifi-
cant REE-carrier however later interaction with meta-
morphic fluids is interpreted to have resulted in exten-
sive REE-leaching (Bachmann et al. 2013). This inter-
pretation is supported by the very low concentrations 
of REE shown in the microprobe analysis (Table 10). 
Dissolution of apatite by fluids, involving the leaching 
of P and Y+REE, and subsequent reprecipitation resul-
ted in the formation of abundant monazite and xenoti-
me inclusions in apatite (Harlov & Förster 2003; Har-
lov 2011; Bachmann et al. 2013). The effects of such 
dissolution/reprecipitation processes are clearly visible 
in the inclusion-rich cores of apatite in the samples 
(Fig. 48d). Subsequent metamorphic fluid events are 
interpreted to have involved leaching of the monazite 
and xenotime inclusions in the rims of apatite, resul-
ting in the inclusion-free rims observed in thin section 
(Bachmann et al.  2013) (Fig. 48d). Therefore, the 
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classification of apatite as a REE-bearing mineral in 
this study is not based on REE content, but rather it’s 
monazite/xenotime inclusion-rich character.  
 Apatite has generally very low U and Th con-
tent (Spear & Pyle 2002), which was also observed in 
this study (Table 10). According to Harlov (2011), low 
U and Th content in monazite and xenotime inclusions 
in apatite suggests formation through dissolution and 
precipitation processes, with the host apatite as the 
source material. The observed U and Th wt% of the 
monazite inclusion at OLR 4-4R_f26 (<0.01%) and 
xenotime inclusions at OLR 4-4R_f27 and f28 
(<0.01%) would therefore suggest a similar interpreta-
tion. The observation of higher U and Th content in 
monazite and xenotime inclusions in this apatite may 
be interpreted to have resulted from U- and Th-
enriched fluids, as mentioned previously. High Nd/La 
ratios also indicate that monazite probably grew from 
the host apatite as a result of fluid-induced dissolution-
reprecipitation processes (Harlov & Förster 2003). The 
observation of high Nd/La ratios in all monazite and 
xenotime inclusions in the apatite at OLR 4-4R further 
supports the above interpretation (Table 10). The pre-
sence of surrounding amphibole suggests that the flu-
ids involved with metasomatic alteration of apatite 
were H2O-rich. Previously mentioned observations, 
such as the presence of fluorite and extensive chloriti-
sation of biotite, suggest that F existed in the system 
and that these fluids were most likely also F-bearing. 
Such characteristics in fluids have previously been 
demonstrated to facilitate the formation of monazite 
and xenotime inclusions in flourapatite (Harlov & 
Förster 2003).  
 The occurrence of larger monazite and xenoti-
me inclusions may suggest further dissolution and 
reprecipitation resulting in consolidation and growth 
of initial inclusions through Ostwald ripening (Harlov 
2011) (Fig. 48e). Harlov (2011) suggests that this pro-
cess would require high mobility of Y+REE to the 
growth sites, with F and CO2 rich fluids enhancing the 
mobility of these elements. The observation of siderite 
FeCO3 inclusions associated with albite-filled fractu-
res in this thin section suggests that the fluids involved 
may indeed have been CO2 rich (Fig. 48f). The pre-
sence of albite, indicating greenschist facies (Winter 
2010), and siderite, interpreted to indicate low T con-
ditions (Bau & Möller 1992), also suggest a fluid 
event occurring during retrograde metamorphism.  
 The observation of crystallographically orienta-
ted monazite and xenotime inclusions in apatite seen 
in the petrographic study (Fig. 31), is also evidence 
that the inclusions formed through dissolu-
tion/reprecipitation processes involving the host apati-
te (Harlov et al. 2002; Harlov 2011). Harlov (2011) 
report that inclusions following lattice and cleavage 
planes in apatite suggest a later event involving consi-
derably less quantities of fluids. The observation of 
monazite and xenotime as both inclusions and rim 
grains in fluorapatite can also be interpreted to indicate 
multiple metasomatic events (Harlov et al. 2002) (Fig. 
48d,e). Harlov et al. (2002) suggest that the inclusions 
represent a high-grade, near-peak metamorphic event, 
whereas rim grains may represent a lower grade, post-
peak event. This interpretation would support the vari-
ation in ages obtained for apatite-associated monazite 
and xenotime inclusions/rim grains showing these cha-
racteristics (Tables 6 and 9).  
 Although no clear trends were established in 
this study, the observation of a depletion of REE in 
rim areas of apatite showing enrichment in F, suggests 
a negative correlation between F and REE content 
(Fig. 49a,b). This relationship may be interpreted as 
indicating that the leaching of REE involved F-bearing 
fluids, which would support the previously mentioned 
findings of various authors (eg. Poitrasson et al. 1996). 
 According to Harlov & Förster (2003), the for-
mation of monazite and xenotime inclusions represents 
metasomatic events ranging from peak to post-peak 
metamorphic conditions. Given that the age of peak 
metamorphism has been calculated as 1825 Ma 
(Beunk & Page (2001), this would therefore suggest a 
maximum age for the monazite and xenotime inclu-
sions. Ages obtained for monazite inclusions in apatite 
at OLR 4-4R, eg. 1773 ± 64.0 Ma (OLR 4-
4R_f25_an28), would support this peak to post-peak 
interpretation. 
 Finally, textural evidence such as the observa-
tion of apatite forming around monazite relics may be 
interpreted as suggesting that apatite formed as a result 
of the retrograde breakdown of monazite and interac-
tion with Ca-rich fluids (Fig. 48c). Such a retrograde 
reaction from amphibolite-facies monazite to fluorapa-
tite at greenschist facies conditions has previously 
been observed by Krenn et al. (2008).  
 
4.4 U-minerals 
Although uraninite has a nominal formula of UO2+x , 
it will always show additional elements when chemi-
cally analysed (Finch & Ewing 1992) . These impuriti-
es can be either incorporated during formation (eg. 
U6+, Ca, Zr, REE and Th), assimilated during later 
alteration and radioactive decay (eg. U6+ and Pb), or 
form on grain boundaries and defects (eg. Si, Fe and 
Al) (Finch and Ewing 1992). Previous studies have 
shown that concentrations of these impurities, in parti-
cular Pb, can be relatively large, as well as vary widely 
depending on formation conditions (Janeczek & 
Ewing 1992; Finch & Ewing 1992). For example, 
samples interpreted as uraninite in the Janeczek & 
Ewing (1992) study showed mean UO2 and PbO wt% 
variations between 73.57 to 84.77 and 1.39 to 19.29 
respectively. Previous studies have also shown that 
uraninite can contain significant concentrations of Y 
and REE (eg. Förster 1999). These relatively high con-
centrations of REE, indicate either co-precipitation of 
U and REE or later alteration (Janeczek & Ewing 
1992).  
  Although similar observations of 
“uraninite” were made in this study, with surprisingly 
low U and high concentrations of impurities such as 
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Pb, Y and REE, it is deemed more appropriate to clas-
sify them as secondary alteration products of uraninite 
(Table 11). Previous reports have also observed inten-
se secondary alteration of uraninite in the metasedi-
ments (eg. Welin 1966; Hoeve 1974). Due to the unu-
sual chemical composition, however, identification of 
the minerals as known secondary alteration products of 
uraninite cannot be made with certainty.  Instead, pos-
sible candidates showing similar chemical composi-
tions have been selected for comparison (Table 12), To 
avoid confusion these secondary minerals are referred 
to as simply UPb minerals.  It is important to note here 
that the REE content of most U-bearing minerals ob-
served in this study is considered significant, with ana-
lysed samples having an average REO content of 7.03 
wt% and one sample, OLR 3-2F_an12, having as high 
as 15.3 wt% (Table 11). Therefore the U-minerals di-
scussed here are also interpreted as important REE-
bearing minerals. 
 As precipitation of uraninite occurs under redu-
cing conditions (Finch & Ewing 1992), it is proposed 
that at least some of the observed alteration took place 
in such an environment. Evidence indicating reducing 
conditions, such as the precipitation of sulfides like 
galena, was indeed observed in the SEM/Microprobe 
study (Fig. 54a). However variation in the form of 
galena grains, from subhedral to euhedral may indicate 
variable redox conditions have occurred at different 
times (Finch & Ewing 1992) (Fig. 54a,c). Uraninite is 
also well known to occur with minerals that indicate 
oxidising conditions, such as hematite (Finch & Ewing 
1992). Evidence of these conditions such as rust-
colored Fe-oxide/Fe-OH veins in apatite were obser-
ved, not surprisingly, in thin sections of hand samples 
from surface locations eg. OLR 0-1 and OLR 0-2 (Fig. 
10 and 11). However evidence of oxidising conditions 
at greater depth in the metasediments was also obser-
ved, for example the observation of hematite at OLR 
1-3F at a depth of 81.20-81.30 m (Fig. 53a). Therefore 
it is likely that uraninite alteration in the metasedi-
ments has occurred under a range of redox conditions. 
 Oxidation of uraninite in the metasediments is 
suggested to have been caused by the percolation of 
groundwater through fissures in quartzite (Welin 
1966). Oxidation of uraninite by interaction with 
groundwater has been observed to result in secondary 
alteration, with Uranyl-oxide–hydroxy–hydrate mine-
rals playing a key role (Finch & Ewing 1992). Frondel 
(1958) observed that corrosion of uraninite rich in ra-
diogenic Pb resulted in formation of a “rind”, compo-
sed of a suite of Pb-uranyl oxide hydrates. Frondel 
also observed that formation of these minerals resulted 
in the loss of U. The formation sequence of these mi-
nerals, increasing in amount of alteration and time, is 
as follows: schoepite (UO2)8O2(OH)12·12H2O → van-
dendriesscheite Pb(UO2)10O6(OH)11·11H2O → fourma-
rierite Pb(UO2)4O3(OH)4·4H2O → masuyite 
P b ( U O 2 ) 3 O 3 ( O H ) 2 · 3 H 2 O  →  s a y r i t e 
P b 2 ( U O 2 ) 5 O 6 ( O H ) 2 · 4 H 2 O  →  c u r i t e 
Pb3.5(H2O)22(UO2)42(OH)2.5 → wölsendorfite 
(Pb,Ba,Ca)U2O7·2H2O → richetite PbU4O13·4H2O → 
spriggite Pb3(UO2)6O8(OH)2·3H2O (Frondel 1958; 
Finch & Ewing 1992). This suggests that a wide range 
of secondary products, showing large variation in che-
mical composition, may be associated with an altered 
uraninite mineralisation. 
 Low overall wt% total for uraninite has been 
interpreted to indicate partial oxidation of U4+ to U6+ 
and the presence of absorbed water and OH-groups 
(Janeczek & Ewing 1992). Assuming negligible analy-
tical error, the observed low wt% totals for some of the 
UPb minerals in this study eg. OLR 3-2F_an12: 92.9% 
(Table 11), may therefore indicate a significant OH 
component. The chemical composition of many of 
these Pb-uranyl oxide hydrates, in particular  vandend-
riesscheite, fourmarierite, masuyite, sayrite and curite, 
are also comparable to UPb minerals analysed in this 
study (Table 12). Also, Pb in these Pb-uranyl oxide 
hydrates is generally assumed to be radiogenic 
(Frondel 1958; Finch & Ewing 1992), as is the Pb in 
the UPb minerals in the metasediments at Olserum 
(Hoeve 1974; pers. com. Leijd 2014). Therefore the 
observation of  secondary minerals forming from the 
corrosion of uraninite proposed by Frondel (1958) may 
a suitable explanation for the unusual chemical com-
position of the UPb minerals observed in this study. 
For example, it is proposed that the microprobe analy-
sis of the UPb mineral at OLR 3-2D (Fig. 50d; Table 
11), showing the following observed wt%  PbO  and 
UO2, 12.3% and 63.2%, respectively, can be interpre-
ted as U-poor fourmarierite or U-poor masuyite.  
 Alteration of U-bearing minerals in the metase-
diments is interpreted to have involved various proces-
ses, such as dissolution, leaching and transport in hyd-
rothermal fluids, and subsequent replacement accor-
ding to substitution mechanisms (Janeczek & Ewing 
1992) . Observed significant increases in SiO2, CaO 
and FeO observed in the microprobe analysis of UPb 
minerals have previously been interpreted as a result 
of the dissolution of uraninite (Janeczek & Ewing 
1992) (Table 11). Substitution mechanisms, such as 
coffinite substitution, U + Si = (Y+REE) + P (eg. Zhu 
& O’Nions 1999; Spear & Pyle 2002; Förster 2006; 
Hetherington & Harlov 2008), can be seen as an effici-
ent pathway for both U (+Pb) depletion and introduc-
tion of impurities in uraninite (Janeczek & Ewing 
1992). Huttonite substitution, Th + Si = (Y + REE) + 
P, and brabantite substitution, Th or U + Ca = 2(Y + 
REE), (Zhu & O’Nions 1999; Spear & Pyle 2002; 
Förster 2006; Hetherington & Harlov 2008), are also 
suggested as important substitution mechanisms for 
the alteration of U-bearing Th-minerals. Importantly, 
in the scope of this study, it is interpreted that these 
substitution mechanisms resulted in the placement of 
REE in the vacated sites of the U-minerals’s crystal 
structure, the efficiency of which is shown in the high 
REE content observed in several U-minerals (Table 
11). 
 Unusual chemical compositions observed in 
ThSiU and USiY minerals in this study may suggest 
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the presence of intermediate solid solutions (Förster 
2006). In his study of hydrous members of the thorite-
xenotime-zircon-coffinite mineral group in metasoma-
tically-altered leucogranites, Förster (2006) observed 
unusual compositions and extended compositional 
gradation between thorite and xenotime, thorite and 
coffinite, and Y-HREE-bearing thorite and zircon. He 
interpreted these observations as evidence for the exis-
tence of intermediate solid solutions between thorite 
and xenotime, thorite and coffinite, and Y-HREE-
bearing thorite and zircon. Förster (2006) suggests that 
infiltration by F-bearing hydrous fluids, enriched in 
Th, Y+HREE and U, resulting in leaching, dissolution 
of existing accessory phases and subsequent reprecipi-
tation involving complex substitution mechanisms, 
were integral factors in the formation of these interme-
diate solid solutions. Similar leaching processes invol-
ving interaction between wallrocks and rising hyd-
rothermal fluids, resulting in enrichment of F-bearing 
fluids in trace elements such as U and Th, are also 
suggested to have occurred in the metasediments (eg. 
Uytenbogaardt 1960; Elbers 1971; Hoeve 1974).  
 Janeczek & Ewing (1992) have observed that 
the solubility of uraninite has been observed to increa-
se dramatically under the influence of fluids contai-
ning even minor amounts of F, due to the stability of 
uranium fluoride complexes. The presence of F in the 
system is indicated by the observation of fluorite in 
thin section OLR 2-1 (Fig. 41), and raised F content in 
several U-minerals eg. wt% UO2 of ~1.0% of the USi-
YP mineral at OLR 3-2B (Table 11). Therefore it is 
suggested that F content of hydrothermal fluids may 
have been a contributing factor for the extensive urani-
nite alteration observed in the metasediments. Obser-
vations by Langmuir (1978) suggest that uranous 
(UF4+) and uranyl (UF6+) fluoride complexes can be 
transported in fluids through fractures until mixing 
with groundwater results in precipitation of secondary 
uranium minerals and fluorite. Considering the previo-
usly mentioned suggestion by Welin (1966) of uranini-
te alteration being caused by interaction with ground-
water, this process can be a viable explanation for the 
formation of secondary uranium minerals at Olserum, 
as well as the abundant fluorite observed in thin sec-
tion OLR 2-1.  
 It would be expected that dissolution of U-
minerals and monazite/xenotime by F-bearing fluids, 
resulting in efficient leaching and transport of U and 
REE, was followed by subsequent re-precipitation. 
The higher mobility of U over REE in F-bearing fluids 
(Hetherington et al. 2010), would also suggest the ear-
lier reprecipitation of monazite/xenotime from the U-
rich fluids. It may therefore be speculated, importantly 
in the context of this study, that these processes are 
responsible for the raised U content seen in several 
monazite and xenotime analyses (Tables 5 and 8).  
 The following is a brief discussion of U-bearing 
minerals at selected sites of interest: 
 
OLR 2-9A: The depletion of U that has occurred in the 
UPb mineral at OLR 2-9A is interpreted to have been 
caused by dissolution of uraninite by F-bearing fluids. 
The high mobility of U in these fluids resulted in effi-
cient leaching and transport in solution (eg. Janeczek 
& Ewing 1992), resulting in the low-U “uraninite” 
represented by the darker core areas (Fig. 50c). Subse-
quent reprecipitation, together with the lower mobility 
of Pb, resulted in a higher relative proportion of Pb in 
the crystal structure of the lighter areas. The dissolu-
tion of uraninite would, however, have resulted in 
U+Pb-enriched fluids. The early precipitation of Pb 
from these fluids as sulfides is interpreted to be the 
most likely explanation for the abundant galena obser-
ved in the samples, see separate section on galena for 
further discussion. 
 
OLR 3-2F: Lighter-coloured alteration of the UPb mi-
neral inclusion in xenotime observed at OLR 3-2F is 
interpreted to have been caused by the infiltration of 
Si(+F)-rich fluids resulting in dissolution of uraninite 
and efficient leaching of U (Fig. 50d and 50e). Altho-
ugh F content in the analysed U minerals was observed 
to be generally below detection limits in most samples 
, significant F content of up to 0.96 wt% (eg. OLR 3-
2B_an2), was observed in the microprobe analyses of 
altered areas of U-bearing minerals in this thin section, 
suggesting that F was indeed present in the fluids 
(Table 11). 
 
OLR 2-1E: The Y-rich UPb inclusion in xenotime at 
OLR 2-1E is interpreted to be further evidence for the 
presence of F-rich fluids causing alteration of uranini-
te, through dissolution processes and efficient leaching 
of U (Fig. 45k). It is suggested that these fluids, enri-
ched in U through the dissolution of uraninite in sur-
rounding areas, infiltrated the xenotime grain. The 
efficient leaching of Y+REE from the host mineral,  
was then followed by the reprecipitation of the obser-
ved Y-rich UPb inclusion. 
 Considering the low wt% UO2 of 12.5% obser-
ved for the ThUSi mineral at OLR 2-1E, uranothorite 
is interpreted as an unsuitable classification for this 
mineral (Tables 11 and 12). U-rich thorite is also inter-
preted unlikely as a candidate because of the observed 
lower Th content compared to compositions for this 
mineral found in the literature (Table 12). However, 
chemical compositions showing low Th and signifi-
cant U were observed in  “thorite” samples in Förster 
(2006) (Table 12). These compositions were interpre-
ted by Förster (2006) as intermediate thorite-coffinite 
solutions. This interpretation is also considered viable 
for the unusual composition shown by the ThUSi mi-
nerals at OLR 2-1E.  
 It is suggested that infiltration of F-bearing flu-
ids resulted in similar leaching-dissolution-
reprecipitation processes, involving the interaction of 
F-rich fluids and the host xenotime, as observed by 
Hetherington & Harlov (2008). They also proposed 
that the leaching of Th, U and Si from xenotime by 
alkaline fluids resulted in the formation of Th-U-Si 
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secondary minerals as inclusions in the host mineral. 
Also, Hetherington (2005) had previously reported 
observed textures in xenotime to be the result of disso-
lution-reprecipitation of the host and subsequent 
growth of thorite-coffinite. He suggested that the tetra-
gonal lattice of xenotime provides the framework for 
the growth of tetragonal thorite-coffinite. These obser-
vations are thus interpreted as a likely explanation for 
the ThUSi minerals observed at OLR 2-1E. Also, the 
observed close association between the ThUSi mine-
ral, zircon and xenotime at OLR 2-1E, suggests the 
possibility of other minerals representing  these inter-
mediate solid solutions, that are as yet to be identified. 
 
OLR 2-9C2: F-bearing fluids are also interpreted to be 
responsible for the depletion of U in altered areas of 
the UPb mineral at OLR 2-9C2 (Fig. 50f; Table 11). F-
enrichment of fluids may well have occurred through 
the breakdown of biotite by chloritisation in neighbou-
ring areas. A significant F content in infiltrating  fluids 
would have greatly increased the solubility of U, resul-
ting in efficient leaching and transportation of this 
element as stable uranous fluoride (UF4) complex 
(Janeczek & Ewing 1992).  
 
OLR 3-2O: Another case of alteration involving F-rich 
fluids is interpreted to have occurred at OLR 3-2O. 
The depletion of U observed in the darker altered area 
of the UPb mineral (an4) is interpreted to suggest the 
efficient leaching of U by infiltrating F-bearing fluids.  
However the textural complexity of this unusual UPb 
mineral-dominated structure suggests the involvem-
nent of fluids with varying composition causing altera-
tion during several consecutive events (Fig. 50g). The-
refore a much more extensive analysis would be requi-
red to fully understand the complex alteration that has 
occurred at this location. 
 
OLR 3-2B: Two interpretations are proposed for for-
mation of the USiYP mineral at OLR 3-2B (Fig. 50h): 
1. U-Si-rich fluids have infiltrated along fractures in 
the monazite, resulting in dissolution of mnz. Repreci-
pitation has most likely involved the substitution me-
chanism, U + Si = (Y+REE) + P, producing coffinite 
USiO4 as a secondary alteration product (Zhu & O’Ni-
ons 1999; Spear & Pyle 2002; Förster 2006; Hethe-
rington & Harlov 2008). High Y2O3 observed in the 
microprobe analysis suggests that xenotime may initi-
ally have existed as inclusions in the monazite, and 
was involved in the dissolution process (Spear & Pyle 
2002). 2. F-rich (and S-rich) fluids have infiltrated the 
monazite and attacked Pb-rich uraninite inclusions, 
resulting in dissolution of the uraninite and leaching of 
U+Pb . U is suggested to have been transported in so-
lution as a soluble uranyl fluoride complex (Langmuir 
1978), and re-precipitation of Pb resulted in the forma-
tion of galena. 
 
OLR 3-2D: Based on observed chemical compositions 
similar to those of analysed thorite samples in (Förster 
2005), the U- P- and Y+REE-rich ThUSiYP mineral 
inclusion in xenotime observed at OLR 3-2D is also 
interpreted as thorite in an intermediate thorite-
coffinite solution (Fig. 50j; Tables 11 and 12). It is 
suggested that F-bearing Si-rich fluids infiltrated along 
fractures in the xenotime grain and resulted in dissolu-
tion and leaching of Y, HREE and minor Th and U. It 
is suggested that these fluids then altered the observed 
monazite inclusion, resulting in further leaching of 
LREE and minor Th and U. Subsequent recrystallisa-
tion involved substitution mechanisms resulting in 
formation of the analysed REE-rich ThUSiPY mineral. 
Breakdown of monazite into thorite minerals has pre-
viously been reported by Finger et al (1998). Huttonite 
substitution, Th + Si = (Y + REE) + P (Zhu & O’Ni-
ons 1999; Spear & Pyle 2002; Förster 2006; Hethe-
rington & Harlov 2008), is suggested as the main sub-
stitution mechanism, resulting in the high Th, U and Si 
in the microprobe analysis. 
 Raised Ca in the alteration area (eg. an4 (2.3%), 
also suggests Brabantite substitution, Th or U + Ca = 
2(Y + REE) (Zhu & O’Nions 1999; Spear & Pyle 
2002; Förster 2006; Hetherington & Harlov 2008), and 
would suggest that the fluids were also Ca-rich. It is 
proposed that U-enrichment of the Si-rich fluids occur-
red through dissolution of local Pb-rich uraninite by F-
bearing fluids, resulting in efficient leaching and trans-
port of U (Janeczek & Ewing 1992; Förster 2005). A 
similar process involving dissolution of thorite gra-
ins/inclusions most likely resulted in Th-enrichment of 
fluids. The presence of galena (PbS) suggests that the-
se fluids were S-bearing, which is also supported by 
the microprobe analysis (Table 12).  
 However another interpretation regarding for-
mation of the ThUSiPY mineral observed at OLR 3-
2D that may be speculated, is that it was a thorite inc-
lusion that has subsequently undergone fluid-
associated alteration. Alteration involving dissolution 
of  xenotime, monazite and thorite by Si- and U-rich 
fluids, as well as the substitution mechanisms previo-
usly mentioned, thus resulted in formation of the ThU-
SiY mineral, interpreted as thorite in an intermediate 
thorite-coffinite solution. This interpretation of a “pre-
alteration” thorite is considered a more likely explana-
tion in terms of the high Th and Si concentrations ob-
served in the analysis. Thorite is also known to be 
compositionally complex and can contain relatively 
high contents of impurities (eg. Rubatto 2001; Förster 
2005). Therefore the relatively high wt% CaO and 
P2O5 observed (Table 11), may represent both con-
centrations of impurities in the original thorite, and 
products resulting from substitution mechanisms. 
 Due to the usually high level of impurities tho-
rite occurs primarily in the metamict state, a characte-
ristic that is shown clearly in the BSE image at OLR 2-
1E (Fig. 45l). This metamictisation process has also 
been observed to be accompanied by a loss of radioge-
nic Pb (Förster 2005). It is suggested that if this pro-
cess occurred before and/or during alteration of the 
“thorite” mineral at OLR 3-2D, the loss of Pb may 
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have resulted in formation of the galena grains obser-
ved in the BSE image (Fig. 50j). 
 
4.5 U-bearing Nb-minerals 
A close association between UPb minerals and colum-
bite was frequently observed in the samples. The oc-
currence of columbite closely associated with uraninite 
and Fe-Ti oxide mineralisations in the metasediments 
has also been previously reported  by several authors 
(eg. Elbers 1971; Hoeve 1974). Hoeve (1974) sugges-
ted that these mineralisations were precipitated from 
hydrothermal fluids enriched in various elements, inc-
luding U and Nb. Simultaneous precipitation subse-
quently resulted in complicated Fe-Ti oxide inter-
growths (Hoeve 1974). A similar process involving a 
common fluid event could explain the close associa-
tion, and often intergrowth, between UPb minerals and 
columbite seen in the samples (Fig. 51b,c). The close 
association between these minerals is also reflected in 
the raised U content in analysed Nb-minerals (Table 
13). 
 Various secondary alteration products of urani-
nite and columbite have been observed in the samples. 
In a  study on secondary uranium minerals in hyd-
rothermally alterated granite by Abd El-Naby (2007), 
an observed secondary uranium product was identified 
as low-U uranpyranchlore. The mineral was interpre-
ted to have been the result of late-stage hydrothermal 
alteration of Petscheckite (U4+Fe2+(Nb,Ta)2O8) in an 
oxidising environment. Oxidation of U4+ to U6+ resul-
ted in the formation of the soluble uranyl complex 
UO2
2+ and subsequent leaching and transport of U in 
fluids as a uranyl fluoride complex (Abd El-Naby 
2007). It is speculated that a similar process, involving 
the U-enrichment of Nb-, Fe- and F-bearing fluids, 
infiltration along fractures and subsequent alteration of 
a UPb mineral, can have occurred to form the NbUFe 
mineral identified as low-U pyranchlore at OLR 2-9H 
(Fig. 51a). 
 
4.6 Fe-Ti oxides 
The percolation of ground water along existing fractu-
res in the metasediments was proposed by Hoeve 
(1974). Interaction between magnetite and percolating 
groundwater, resulting in oxidation and the formation 
of hematite, is a plausible explanation for the typical 
alteration of magnetite shown in the BSE image taken 
at OLR 1-3X (Fig. 53b). Also observed at this location 
is the presence of a Fe-Si mineral,interpreted as a se-
condary mineral resulting from the alteration of mag-
netite by Si-rich fluids. Observation of similar Fe-
silicates at several other locations suggest that Si-rich 
fluids also infiltrated the metasediments (Fig. 50g). An 
interpretation of separate fluid events resulting in me-
tasomatic alteration has previously been suggested in 
this study and is supported by age differences obser-
ved between core and rim in several analysed mine-
rals.  
 Hoeve (1974) reported complex inter-
relationships between Fe-Ti oxides in the metasedi-
ments based on observations such as the intergrowth 
of these minerals. Similar observations were made of 
magnetite and ilmenite in the samples (Fig. 53d), and 
are interpreted to suggest that these minerals precipita-
ted contemporaneously. This would in turn suggest 
that the fluids responsible were enriched in Fe and Ti. 
These conclusions are supported by the interpretation 
regarding Fe-Ti oxides put forward by Welin (1966), 
that they existed as syngenetic placer deposits in un-
derlying metasediments that were at some stage assi-
milated by fluids and subsequently deposited to form 
epigenetic mineralisations.  
 
4.7 Galena 
The occurrence of galena in the metasediments, as 
inclusions in magnetite and as individual grains, has 
been reported by previous authors (eg. Hoeve 1974). 
In their study on the alteration of uraninite in reduced 
hydrothermal conditions, Janeczek and Ewing (1992) 
observed large losses of Pb associated with coffinitisa-
tion. They interpreted this loss of Pb as being due to 
it’s radiogenic origin and that Pb occurred interstitially 
in the uraninite crystal lattice, and was thus more easi-
ly removed by hydrothermal fluids. The decrease in Pb 
seen in the hydrothermally altered uraninite at OLR 3-
2F (Table 12; Fig. 50e) may also be evidence that Pb 
is of radiogenic origin. Janeczek & Ewing (1992) also 
observed a close association between coffinite and 
galena, suggesting a link between precipitation of ga-
lena and loss of radiogenic Pb through coffinitisation. 
The galena at Olserum is also generally considered to 
have a radiogenic origin (Hoeve 1974; pers. com. 
Leijd 2014). Therefore it may be speculated that the 
galena observed associated with the ThSiUYP mineral 
at OLR 3-2 , which is interpreted to have formed thro-
ugh coffinite substitution, was formed as a result of 
this process (Fig. 54c). Importantly in regards to gale-
na precipitation, significant S content was observed in 
the microprobe analysis of U-minerals in this thin sec-
tion, indicating that S was present in the system (Table 
11).  
 However, the relative abundance of galena ob-
served in OLR 3-2 and it’s significant grain size poses 
the question, was the time from the proposed  metaso-
matic-associated precipitation of uraninite sufficient to 
radiogenically produce the Pb. If not, then it would 
suggest that outside sources of Pb may have been in-
volved. Further studies involving isotopic analysis of 
Pb, so that radiogenic and common Pb can be differen-
tiated, are therefore suggested to resolve this interes-
ting dilemma.  
 
4.8 Summary of Geochronology 
Although several different ages of monazites are indi-
cated, the often large overlap in error between monazi-
tes may still suggest a common source. Therefore it is 
important not to “over-interpret” the dating results. 
The obtained ages for monazite and xenotime suggest 
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that the majority of grains were precipitated from flu-
ids associated with the 1.85-1.65 Ga TIB granites, and 
more specifically the 1.81-1.76 Ga Småland granites, 
as part of the late Svecokarelian orogeny (Fig. 55 and 
56). Several of these ages are also comparable to a 
1710 Ma thermal overprint proposed by Page et al. 
(1999) eg. OLR 3-2A_an3 (Fig. 42p; Table 3). Particu-
larly noteworthy is the similarity of the age of 1804 ± 
56 Ma obtained for a large monazite at OLR 4-4M 
(Fig. 42n; Table 3) with an age of 1803 ± 7 Ma, yiel-
ded by U-Pb zircon dating of the Gersebo granite 
(Åhäll 2001). The comparable age and proximity of 
the Gersebo granite to the study site, c. 50 km, is inter-
preted as strong evidence that hydrothermal fluids 
from this magmatic event may well have precipitated 
the analysed monazite. Importantly, this age is also 
comparable to that of 1825 Ma, proposed by Beunk & 
Page (2001) for the timing of peak metamorphism in 
the metasediments. 
 Evidence also exists for the occurrence of both 
younger and older monazite and xenotime outside the 
age range of the TIB granites. Although many ages 
were disregarded due to large error, two ages of 1927 
± 72 Ma (OLR 4-4G_an9) and 1960 ± 80 Ma (OLR 2-
1J2_an 24) are interpreted as possible detrital grains 
with a 1.9 – 1.86 Ga southern Svecokarelian origin. 
Ages were also obtained that may suggest association 
with the 1.85 Ga Askersund Suite eg. OLR 4-4A_an1. 
Several ages suggesting association with pre-TIB ther-
mal events were also obtained for fluid-altered areas of 
monazite and xenotime eg. OLR 3-2I (Fig. 42k).  
 In a study by Åhäll (2001) on granites in the 
Oskarshamn area, UPb dating of zircons taken from 
the Uthammar, Jungfrun och Götemar granites yielded 
ages of 1441 ± 5/3, 1441 ± 2 and 1452 ± 11/9 Ma, 
respectively. With reference to the respective error 
margins this was interpreted to suggest that these so-
called “younger” granites were formed from the same 
magmatic episode (Åhäll 2001). In a study by Söder-
lund et al. (2002), ion microprobe U–Th–Pb analyses 
of overgrowths and recrystallised domains of primary 
zircons taken from orthogneisses in the Eastern Seg-
ment of the 1.2-0.9 Ga Sveconorwegian orogen, SW 
Sweden, yielded ages of 1.46-1.42 Ga. The formation 
of secondary zircon was interpreted by Söderlund et al. 
(2002) to be associated with a 1.46–1.42 Ga period of 
thermo-magmatic activity coinciding with the Hallan-
dian orogeny, originally defined by Hubbard (1975). 
The results of the present study, with several micro-
probe analyses of both monazite and xenotime yiel-
ding ages in the 1.47-1.40 Ga range is interpreted to 
suggest an association with the Hallandian orogeny. 
The comparable ages of the “younger” granites in the 
Oskarshamn area, located c. 50 km to the south of Ol-
serum, suggests a possible source for hydrothermal 
fluids that infiltrated the metasediments and caused 
later metasomatic alteration. 
 In a study by Drake et al. (2009) involving the 
40Ar/39Ar dating of F-bearing fracture minerals taken 
from rocks in the Simpevarp area, these minerals were 
related to the intrusion of the c. 1452 Ma F-bearing 
Götemar granites. The presence of fluorite in the 
samples, interpreted to indicate the involvement of F-
bearing fluids, may further support an association bet-
ween metasomatic alteration at Olserum and the Göte-
mar granites.  
 Monazite is a robust phase for electron micro-
probe dating, due to usually sufficient radiogenic Pb 
for meaningful precision (Cocherie 2007). Due to the 
generally much lower Th content in xenotime the un-
certainty on this dating method increases dramatically, 
which was shown by the substantial error associated 
with the yielded xenotime ages (Table 4). However, 
although ages for monazite may be interpreted as reli-
able, electron microbe dating is not as precise as other 
geochronological methods and has been known to pro-
duce inaccurate results (Krenn et al. 2008). The main 
reason being that this method assumes that all Pb is 
radiogenic and that none has been lost during later 
events. The metamict structure observed in several Th-
mineral inclusions in monazite and xenotime indicates 
crystal degradation (Fig. 45l), which would also sug-
gest that loss of Pb during thermal events is a real pos-
sibility (pers. com. Johansson 2014). Loss of Pb from 
the crystal structure of fluid-altered monazite and xe-
notime is also considered to have possibly occurred, 
which would thus result in low ages being obtained. 
To address this problem would require the use of alter-
native, more accurate geochronological methods invol-
ving isotopic analysis, such as laser ablation inductive-
ly-coupled plasma mass spectrometry LA-ICP-MS. 
Therefore, due to the limitations of this geochronologi-
cal method these results should be regarded as a rough 
guide to the timing of monazite formation and altera-
tion in the Olserum metasediments.  
 
5 Conclusions 
Several magmatic pulses, primarily associated with the 
late Svecokarelian orogeny, have affected the crustal 
rocks of the Västervik area. Hydrothermal fluids asso-
ciated with these events resulted in metasomatic pro-
cesses involving the leaching of country rock and sub-
sequent enrichment of fluids in elements such as po-
tassium, iron, magnesium, calcium and trace elements 
such as Na, Sr, Nb, S, F, Ta, Th and U. Infiltration of 
these fluids into the metasediments, via deformation-
related fractures, resulted in the assimilation of prima-
ry sedimentary minerals, such as monazite, xenotime, 
apatite and Fe-Ti oxides, as well as causing extensive 
metasomatic alteration. The subsequent reprecipitation 
of leached and assimilated material resulted, for ex-
ample, in REE and uraninite mineralisations. The close 
association observed in this study between monazite, 
xenotime, apatite, Fe-Ti oxides and U-minerals is in-
terpreted to be the result of precipitation from the same 
enriched fluid sources. Intergrowth textures involving 
these minerals is suggested as strong evidence for such 
an interpretation.  
 Several subsequent fluid events resulted in the 
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extensive alteration of metamorphic minerals, which is 
evident for example in often sharp compositional zo-
ning seen in BSE images. This zoning represents both 
significant enrichment and depletion of Y+REE, as 
well as other elements such as Th and U. Infiltrating 
fluids are interpreted to have been Si- and Na-rich, 
based on the observation of abundant recrystallised 
quartz and albite, as well as the observation of unusual 
chemical compositions of secondary minerals eg. Fe-
silicates. Hydrothermal fluids are also interpreted to 
have been, at least partially, F-bearing. It is suggested 
that fluids were either originally F-bearing, as is the 
case with fluids associated with Götemar granites, or 
were enriched through processes such as chloritisation 
of biotite or dissolution of fluorapatite. The F-bearing 
characteristic of the fluids subsequently resulted in the 
efficient leaching of REE and U, and transport of these 
elements as F-complexes in solution. It is suggested 
that this process resulted in the observed  large varia-
tions in REE between core and rim areas in monazite 
and xenotime. The higher solubility of REE compared 
to Th in leaching fluids may also have been partly re-
sponsible for Th-rich cores observed in some monazite 
and xenotime. It would also have caused large losses 
of U from uraninite, resulting in the formation of se-
condary U-minerals with unusual chemical composi-
tions, such as the UPb mineral.  
 Coupled and uncoupled substitution mecha-
nisms are suggested to have been integral during the 
recrystallisation of fluid-altered monazite, xenotime 
and U-minerals, and is interpreted to have resulted in 
chemical compositional zoning in these minerals. Bra-
bantite and huttonite substitution is interpreted as an 
important mechanism for monazite formation, with a 
clear positive Th+U to Ca+Si correlation. For examp-
le, brabantite substitution, associated with dissolution 
and reprecipitation of monazite, is interpreted to have 
been responsible for the Ca- and Th-rich areas obser-
ved in many analysis points. The Y = REE substitution 
mechanism is interpreted to have been responsible for 
the negative correlation observed between these ele-
ments in xenotime. The importance of this replace-
ment mechanism is shown by large variations in Y and 
HREE content between core and rim areas of several 
analysed xenotimes. Coffinite substitution is also inter-
preted to have played a role in the recrystallisation of 
fluid-altered xenotime, and to a lesser degree monazi-
te, with Y+HREE depleted and U+Si enriched rims 
observed at several locations. The importance of this 
substitution mechanism, in the context of this study, is 
shown by the significant U content observed in several 
xenotime and monazite analyses.   
 Efficient leaching of U from uraninite resulted 
in the formation of secondary minerals of various che-
mical compositions. The subsequent replacement of 
REE in the vacated sites of the crystal structure, accor-
ding to the coffinite substitution mechanism, is inter-
preted to have resulted in significant REE-enrichment 
in these minerals. Due to an average REO wt% of 
7.0% for the analysed U-minerals, and an observed 
maximum wt% REO of 15.3%, it is suggested that 
these minerals should also be considered major REE 
carriers.  
 Observations regarding the relationship betwe-
en REE and U made in this study include:  
 
1. A close association occurs between monazite, xeno-
time, apatite and U-minerals, with these minerals often 
forming intergrowth textures suggesting precipitation 
from a common fluid;  
2. U-Th minerals of varying chemical compositions 
occur as inclusions in xenotime, and to a lesser degree 
monazite;  
3. Raised U contents were observed in both monazite 
and xenotime and interpreted to be the result of the 
coffinite substitution mechanism associated with fluid 
alteration;  
4. Fine grained monazite and xenotime inclusions of-
ten cause radiogenic haloes in the biotite and amphibo-
le host, suggesting raised Th and U content; and  
5. Several secondary U-minerals show significant REE 
content.  
  
 The ages obtained by electron microprobe da-
ting of monazite and xenotime in this study have pro-
vided valuable insight into the timing of thermal 
events affecting the metasediments at Olserum. It is 
suggested that the majority of monazite/xenotime for-
mation and alteration was caused by fluids associated 
with the 1.85-1.65 TIB granites, and more specifically 
the 1.81-1.76 Ga Småland granites, as part of the Sve-
cokarelian orogeny. An age of 1804 ± 56 Ma yielded 
by one monazite, however, strongly suggests a source 
in hydrothermal fluids associated with the c.1803 Ma 
Gersebo granite.  
 However, ages yielded by both monazite and 
xenotime also indicated that formation of these mine-
rals also occurred outside this age range. The presence 
of possible detrital monazite with an interpreted 
southern Svecokarelian origin was indicated by a few 
of the analyses. Also, dating results suggest that yo-
unger thermo-magmatic activity, coinciding with the 
1.46-1.42 Ga Hallandian orogeny, has affected the 
Olserum metasediments. It is interpreted that fluids 
generated by the younger granites associated with this 
orogeny, most likely the F-bearing c. 1452 Ma Göte-
mar granite, have both precipitated new monazite and 
xenotime, as well as metasomatically altered existing 
grains. 
 However, it is suggested that due to the limita-
tions of electron microprobe dating, and potential pro-
blems associated with loss of radiogenic Pb through 
fluid alteration, the results should be used as a rough 
guide for the timing of formation and alteration of mo-
nazite and xenotime in the Olserum metasediments. It 
is suggested that more accurate geochronolgical 
methods, involving isotopic analysis such as laser ab-
lation (LA-ICP-MS),  would offer greater insight into 
the timing of these events.  
 Also, financial and time limitations on this stu-
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dy resulted in a restricted selection of monazite and 
xenotime for microprobe analysis, and therefore conc-
lusions about the U content of these minerals remains 
to some extent speculatory. A more extensive selection 
would of course give a truer representation of the U-
REE relationship at Olserum. Therefore, with these 
limitations in mind, and due to the complexities of the 
fluid alterations observed in this study, unusual chemi-
cal compositions of U-Th minerals, as well as environ-
mental considerations regarding future mining of this 
resource, it is suggested that further studies at Olserum 
would be advantageous.  
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